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INTRODUCTION 

A renewed interest in objective and quantitative 
approaches to the classification of plant communities 
has led, within the past decade, to an extensive ex- 
amination of systematic theory and technique. This 
examination, including the work of Sérenson (1948), 
Motyka et al. (1950), Curtis & MeIntosh (1951), 
Brown & Curtis (1952), Ramensky (1952), Whit- 
taker (1954, 1956), Goodall (1953a, 1954b), deVries 
(1953), Guinochet (1954, 1955), Webb (1954), 
Hughes (1954) and Poore (1956) has accompanied 
theoretic studies in taxonomy [Fisher (1936), Wom- 
ble (1951), Clifford & Binet (1954), Gregg (1954) ] 
and in statistics (Isaacson 1954). It is a conclusion 
of many of these studies that nature of unit variation 
is a major problem in systematics, and that whether 
this variation is discrete, continuous, or in some 
other form, there is a need for application of 
quantitative and_ statistical methods. In 
classification, an increased use of ordinate systems, 
which has heen stimulated by the development of more 
efficient sampling techniques and the collection of 
stand data on a large scale, has prompted the pro- 
posal of the term “ordination” (Goodall 1953b) 
Goodall (1954a) has defined ordination as “an ar- 
Tangement of units in a uni- or multi-dimensional 
* (Ramensky 
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order” as synonymous with “Ordnung, 
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LITERATURE CITED 


1930), and as opposed to “a classification in which 
units are arranged in discrete classes.” The present 
study is an attempt to examine the upland forests 
of southern Wisconsin in relation to a suspected 
multidimensional community structure by the use of 
ordination method and in so doing, to review the 
theoretic position necessary to such an examination. 
LITERATURE REVIEW 

The application of quantitative techniques to com- 
munity classification has been based, in part, upon 
the assumption that quantitative community ecom- 
position, as determined by suitable sampling methods, 
can be a primary basis for the building of ordination 
systems. This assumption was emphasized by Gleason 
(1910) in an examination of the relationship between 
biotic and physical factors. Gleason quoted Spalding 
(1909), “The establishment of a plant in the place 
which it occupies is conditioned quite as much by 
the influence of other plants as by that of the physical 
environment,” and concluded from his own observa- 
tions, “. . . the differentiation of definite 
tions is mainly due to the interrelation of the eom- 


assocela- 


ponent plants; and the physical environment is as 
often the result as the cause of vegetation.” Further 
emphasis upon vegetation in itself was made by 
Clements & Goldsmith (1924), and more recently, by 
Mitsudera (1954), who regard the community as an 
instrument which, if properly examined and manip- 
ulated, might be a key to the relation of biotie and 
physical phenomena. Cain (1944), Goodall (1954a, 
1954b), Whittaker (1954) and Williams (1954) have 
questioned the relevance of considering single physi- 
cal environmental factors apart from an environmental 
complex. Insistence upon the study of vegetation on 
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its own level has been reiterated in many studies with 
recent examples in Shreve (1942), Curtis & McIn- 
tosh (1951), Brown & Curtis (1952), and Ramensky 
(Pogrebnjak 1955). 

Included in information on community structure 
are two basic relationships: that of individual species 
to each other, and that of stands or plots as a whole 
to each other. These relationships have determined 
the development of two complementary but separate 
approaches to the problem of classification. 

The species approach stresses the degree of mutual 
occurrence of a species with other species. This ap- 
proach received an early quantitative background in 
the work of Forbes (1907a&b, 1925) who proposed a 
coefficient of associate occurrence which he applied to 
the study of bird and fish communities. Further 
development of the concept of associate occurrence 
led to the elaboration of indexes of interspecific 
association (Dice 1948; Cole 1949; Nash 1950) and 
to the construction of indexes of relative species 
oceurrence (deVries, 1953, 1954; Bray 1956a). In- 
dexes of interspecific association have been applied, 
in classification, (1) to correlate species with host 
specificity or with environment (Agrell 1945; Hale 
1955), (2) to determine community groupings by 
the selection of groups of species with high inter- 
specific correlations (Stewart & Keller 1936; Tuomi- 
koski 1942; Sérenson 1948; Goodall 1953a; Hosokawa 
1955-1956) and (3) to determine degree of ampli- 
tudinal overlap of species as an indication of kind 
of community variation (Gilbert & Curtis 1953). 
Indexes of relative species occurrence have been used 
as the basis for a spatial ordination of the species 
(deVries 1953, 1954) or for an objective assignment 
of species adaptation values (Bray 1956a). 

The second basic approach, that of correlation 
among stands as a whole, ean be roughly divided into 
three methods. The first information other 
that that derived from the vegetation in order to 
establish a primary series of gradients or regimes 
along which a subsequent vegetation alignment is 
undertaken (Wiedemann 1929; Vorobyov & Pogrebn- 
jak 1929; Pogrebnjak 1930; Ramensky 1930; Han- 
sen 1930; Whittaker 1956). These regimes do not 
usually represent direct physical environmental 
factors, but more often express environmental com- 
plexes of interrelated factors, such as soil moisture, 
or they follow environmental controls, such as eleva- 
tion, which determine a complex of factors. Ramen- 
sky, for example, used previously established soil 
moisture and soil nutrient regimes to construct a pri- 
mary stand ordination from which “Functional 
Averages” were extracted by a series of eliminations 
of aberrations in the compositional stand data. These 
averages were considered the median conditions of 
the biocoenosis and served as bases for final stand 
orientation. The work of Ramensky included some 
of the first intergrading bell-shaped species distribu- 
tions to be demonstrated along vegetational gradients. 

The second stand method is the use of objective 
techniques to show relationships among stands which 


uses 


J. RoGer Bray AnD J. T. Curtis 





Ecological Monographs 

Vol. 27, No. 4 
have previously been classified into discrete units, 
usually within the Braun-Blanquet system. This use 
was given an early formulation in the work of 
Lorenz (1858) who was apparently the first to 
apply quantitative methods in community classifica. 
tion when he compared various kinds of moors on the 
basis of “per cent of species similarity.” Later 
techniques, including those of Kulezyfiski (1929), 
Motyka et al. (1950), Raabe (1952) and Hanson 
(1955) use Jaccard’s Coefficient of Community or one 
of its quantitative modifications to show the com- 
positional similarity of units on various hierarchical 
classification levels. 

The third method attempts, from a direct analysis 
of quantative vegetational data, to demonstrate degree 
of relationship by the construction of compositional 
gradients which are independent of environmental 
or other considerations. The use of the various 
techniques of factor analysis (Goodall 1954b), of 
stand weighting devices based on the assignment of 
species adaptation values (Curtis & MeIntosh 1951; 
Brown & Curtis 1952; Parmalee 1953; Kucera & 
McDermott 1955; Horikawa & Okutomi 1955), and 
of attempts to utilize directly indexes of quantitative 
coefficients of community (Whittaker 1952; Bray 
1956a) or indexes of occurrence probability (Kato 
et al. 1955) are examples of the above approach. 


PREVIOUS TREATMENT OF THE UPLAND Forest OF 
WISCONSIN 

A linear ordination of the stands of the upland 
forest of southern Wisconsin was presented by 
Curtis & MeIntosh (1951). Subsequent studies were 
made in which soil fungi (Tresner et al. 1954) were 
arranged along this ordination and in which cortic- 
olous cryptogams were related in part to the ordina- 
tion and in part to host specificity (Hale 1955). 
Other studies were made of the forest herbs (Gilbert 
1952), of autecological characteristics of herbs (Rand- 
all 1951), and of the savanna transition into prairie 
(Bray 1955). 

Limitations to a linear presentation became ap- 
parent from continued Wisconsin field work. One 
was the observation of ecological substitution in which 
two separate species alternated in sharing what 
appeared to be identical ranges of environmental 
tolerance (MeIntosh 1957). Further reason to 
suspect the existence of a possible multidimensional 
structure came from a growing realization of the im- 
portance of past history in determining the composi- 
tion of any stand. 


Source oF Data 

All of the 59 stands of this study were sampled 
by the same methods. The trees were measured by 
the random pairs technique (Cottam & Curtis 1949) 
using 40 points and 80 trees per stand. The charac- 
ters here used are absolute number of trees per 
acre and total basal area per acre, both on a species 
basis. The shrubs and herbaceous plants were 
sampled by 20 quadrats, each 1 m. sq., laid at every 


other point. The character used is simple frequency. 
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The stands employed were selected from the large 
number available by a stratified random procedure, 
so devised as to give an equal number of stands from 
each major geographic portion of the southwestern 
one-half of Wisconsin. All stands were at least 15A 
in size, were on upland sites upon which rain water 
did not accumulate, and were in reasonably undis- 
turbed condition. As actually applied, this last 
criterion meant that the stands were ungrazed, had 
not been subject to fire within the recent past, and had 
never been logged to such an extent as to create large 
openings in the canopy. In most cases, a few trees 
had been removed at various intervals in the past, as 
witnessed by an oceasional stump. The limited log- 
ging probably created serious errors in the measured 
amounts of Juglans nigra, since this high-value 
species was deliberately searched for on an intensive 
scale during World War I. It is believed that the 
population densities of the remaining species did not 
vary greatly from those which would normally be 
produced by natural death and windthrow. A very 
few stands were totally undisturbed for at least the 
past 50 yrs. 

The sampling methods employed for both the trees 
and the understory were not, as could be expected, 
completely free from error. Estimates of sampling 
error were made by repeated sampling of the same 
stand, using different investigators in both the same 
and in different years. Two extensive series of such 
tests, in a maple woods and an oak woods, showed 
a standard error of 10.8% for the individual tree 
species and 7.1% for the understory plants. On this 
basis a conservative estimate of over-all error in the 
individual stand measures of about 10% seems reason- 
able. Obviously, this error would be much less for 
the most common species and greater for the rare 
species (Cottam et al. 1953). 

We are indebted to Dr. Orlin Anderson, Dr. R. T. 
Brown, Dr. Margaret L. Gilbert, Dr. George H. 
Ware, Dr. Richard T. Ward, and especially to Dr. 
R. P. MeIntosh for their aid in the collection of 
the original data. Professor Grant Cottam of the 
University of Wisconsin and Professor J. W. Tukey 
of Princeton University were very generous with their 
time and advice on various problems. 

Taxonomic nomenclature in the present paper is 
after Gleason (1952). 

TREATMENT OF THE DATA 
NATURE OF THE APPROACH 

The ordination approach was selected for the pres- 
ent study in order to provide statements (1) which 
depict, with a sufficient degree of quantitative exact- 
ness, the compositional structure of a community and 
(2) which might be able to give some initial indica- 
tion of the over-all patterns of interaction between 
biologic and physical phenomena. The possibility of 
using ordination statements to suggest causal re- 
actions is dependent on the concept of physical and 
hiotie factors interacting in a relationship in which 
each factor is, to some degree, mutually determined 


UptANbD Forest COMMUNITIES OF SOUTHERN WISCONSIN 





327 


by the others. There is, therefore, as is often noted 
in ecologic writing, no simple cause and effect rela- 
tionship between physical phenomena (as primarily 
causal) and biotic phenomena (as primarily effectu- 
al), especially in the more complex environments. 
There is, rather, instead of a domain which is deter- 
mined by a small number of independent factors (that 
is, a system of mechanist causality), a field of inter- 
related units and events (configurational causality). 
The ordination of this field is, then, a plotting of the 
changes in some biotic and/or physical features from 
area to area within the system, or, in another sense, 
a mapping of its complexity, Such a mapping indi- 
cates, by the relative proximity of different features 
and their varying spatial patterns, the degree to which 
the features may participate in a mutually determined 
complex of factors. With the completion of this 
mapping, it may then be possible to apply statistical 
tools which indicate more fully the causal interactions 
in any one part of the ordination. 

Of the two major approaches to ordination study, 
that of stand or of species orientation, it was 
decided to use a technique which gave theoretic 
spatial relations of stands as a first result. With 
such a framework, the distribution patterns of indi- 
vidual species can be easily studied by directly plot- 
ting some measure of their behavior in each stand. 
A similar plotting can be made for measures of 
environmental or historic factors in each stand, or 
for general descriptive features. If the ordination 
is originally based upon species rather than stand 
relationships, then the location of relative stand 
position (and as a consequence, correlation with 
environmental features) becomes more difficult. 

Use or Score SHEETS 

If the degree of similarity of stands, one to 
another, is to be assessed, then some decision must be 
made as to what criteria are to be used in judging this 
similarity. There is wide agreement amongst temper- 
ate-zone ecologists that community comparisons must 
be made on a floristic basis and that environmental or 
other features are not valid for primary comparisons. 
Unfortunately, this agreement does not extend much 
beyond the general idea of floristies. Clements and 
the Anglo-American school generally recommend the 
use of the dominants as the main criterion of com- 
munity or stand relationship, while Braun-Blanquet 
and his adherents use characteristic species of high 
fidelity, even though these may be small, rare or 
otherwise dynamically insignificant members of the 
Lippmaa (1939), Daubenmire (1954) 
and others use synusia, either singly or in combina- 
tion, for their characterization of community re- 
semblance. In no case has the total flora of a given 
stand been used, since the determination of all of 
the bacteria, soil fungi, soil algae, liverworts, mosses, 
lichens and vascular plants is usually beyond the 
facilities at the command of ecologists. The principle 
is well recognized, therefore, that the entire species 
complement is not needed for meaningful statements 
about community composition. The disagreement lies 
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in the question of where to draw the line short of the 
total flora. 

In the similarly complex problem of soil classi- 
fication, it is possible that the degree of resemblance 
between a series of soil samples might be determined 
by applying a single test to each sample. Such tests 
might measure the texture of the soil, its percentage 
content of sand, or some other simple character. It 
would then be possible to arrange the group in 
descending order, as from very sandy through sandy- 
loam to non-sandy. The sandy loams in the center 
would have certain features in common and would 
differ greatly from the two extremes, but they might 
well include soils which differed widely among them- 
selves. The application of a second test to the 
samples, such as fertility level, would serve to dif- 
ferentiate soils which were of similar texture, but, 
even so, the resulting groups might not be homo- 
geneous—they might differ in organic matter content, 
pH, coior, or other characters. A similar problem 
was recognized by Pirie (1937), “In an earlier part 
of this essay the transition from living to non-living 
was compared to the transition from green to yellow 
or from acid to alkaline. If this comparison were 
valid, it would be possible to lay down a_ precise 
but arbitrary dividing line. But as it has been shown 
that “life” cannot be defined in terms of one variable 
as colours can, the comparison is not strictly valid 
and any arbitrary division would have to be made 
on the basis of the sum of a number of variables 
any one of which might be zero.” The best approach 
might therefore be to apply a series of tests, each 
examining some pertinent or important aspect of 
soil makeup. A study of the results of the series 
of tests would give a firne basis for comparison of 
the original group and would easily pick out the 
soils most nearly related to each other and least 
closely related to others. It might be desirable to 
weight the test results, in order of their importance. 
The calcium content is more important than the 
sodium content in most temperate forest soils and its 
results might be appropriately weighted to show 
this importance. Statistically, the degree of relation- 
ship could be shown by a suitable measure of the 
correlation between the sets of test values for any 
two soil samples. 

The same procedure can be employed in the floristic 
analysis of plant communities. A standard series 
of tests can be applied to each stand and the results 
for pairs of stands correlated with each other. If 
this is done for all stands in the series, then similar 
stands should have high mutual correlation values, 
but dissimilar stands should show low correlation. 
If an appropriate measure of correlation is used, 
then the resulting index should give a linear measure 
of the difference between any two stands. 

One test of the similarity of two stands could 
be the quantity of Acer saccharum that each contains, 
analogous to a determination of the calcium content of 


soil samples. A series of such tests, using other 


dominants, would increase the precision of the com- 
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parison. Similarly, a series of herbs and shrubs, 
chosen to include some which were restricted to the 
formation under study and others known to be 
sensitive to the varying conditions present in different 
stands of the formation, could be added to the list of 
tests. 

In the current studies, measurements of 26 species 
were used as the tests. Twelve of these species were 
dominant trees, while the remainder were herbs and 
shrubs. The trees included all of the species with 
a presence value above 33% in the 59 stands studied, 
The herbs and shrubs were chosen at random in 
blocks along the original continuum gradient from 
among those species which were neither overly com- 
mon nor rare and which had shown clear cut distri- 
bution patterns in previous studies. Weighting of 
the 12 dominant tree species was accomplished by 
using two separate measurements of each species 
(absolute density per acre, and absolute dominance 
per acre) as independent tests. 

There were, thus, 38 tests employed for each stand: 
frequency (in 1 m quadrats) of 14 species of herbs 
and shrubs, density of 12 species of trees, and 
dominance (in square inches of basal area at breast 
height) of the same 12 trees. The results of the 
tests for each stand were recorded in a separate score 
sheet for that stand. (Of course, many of the test 
on a given sheet were zero, when one or 
more test species was missing from that stand.) The 
test scores were in different units, since the original 
measurements were made in three different classes. 
This discrepancy was rectified by expressing each 
score as a percentage of the maximum value attained 
by that test on any of the sheets. These corrected 
scores thus indicated, in comparable units, the be- 
havior of each test species in relation to its optimum 
behavior in the entire series. Since the number of 
test scores and the sum of these seores varied from 
stand to stand, the scores for each stand were 
adjusted to a relative basis. They finally indicated, 
therefore, the relative amount contributed by each 
test organism to the combined score for the stand. 
In one stand, for example, species A may contribute 
17.1% of the total score while species B may rep- 
resent only 1.9%. The adjusted scores on a relative 
basis appear to offer the best basis for making con- 
(Whittaker 1952). 


INDEX OF SIMILARITY 


scores 


parisons between stands 


The choice of a suitable index is largely dependent 
on the choice of an ordination technique. There are, 
however, several characteristics of available indexes 
which should be examined. The standard correlation 
coefficient, “r,” incorporates a square transformation 
which leads to the weighting of the importance of 
entries with high values. Thus, if a pair of stands 
have one or two species in common which have high 
score values, the stands will have a high correlation 
coefficient regardless of the relative similarity or 
dissimilarity of their lesser species. It can be shown 
that high values of “r” cover a wide range in in- 
terstand variation and are relatively insensitive in 
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the medium to high areas of stand similarity. There 
is a high sensitivity in the lower range of coefficient 
values of “r,” but this sensitivity les in an area 
where the ecologic differences between stands are not 
very significant due to the residue of widely plastic 
species which inhabit many of the stands of any 
geographic area. Of the available indexes of simi- 
larity employed in phytosociology, both Gleason’s 
quantitative modification of Jacecard’s Coefficient of 
Community (Gleason 1920) and Kulezynski’s index 
(1927) can be shown to have a greater ability to 
differentiate stands within the area of medium to high 
similarity than has the correlation coefficient. When 
the sum of score values is relative and equals 100, 
both Gleason’s and Kulezynski’s coefficients can be 
expressed in the terms later used by Motyka et al. 
2w 
(1950) as C=——~ where a is the sum of the quanti- 
a+b 

tative measures of the plants in one stand, b is the 
similar sum for a second stand, and w is the sum of 
the lesser value for only those species which are in 
common between the two stands (Oosting 1956). 
Thus, if two stands by chance had exactly the same 
scores for exactly the same species, the index would 
be 1.00, since (a) and (b) would be equal and both 
would equal (w). If there were no species in com- 
mon, then the index would be zero. The range from 
no resemblance to complete identity is appropriate- 
ly covered by the range from 0 to 1. This index 
appears to be the best approximation yet available 
to a linear measure of relationship. 

As used in the present study, the index reduces 
simply to (w), or the sum of the lesser scores for 
those species which have a score above zero in both 
stands. This is due to the use of relative scores, 
such that (a) plus (b) is always 2.00 in every pair 


of stands and —— 
2.00 


were so arranged that the final adjusted scores were 


=w. In practice, the score sheets 


recorded in the last column on the extreme edge of 
the sheet. One sheet could then be superimposed, in 
turn, on every other sheet in a slightly offset position, 
and the lesser values added on a machine for all 
tests where a positive value was present on both 
sheets, 

When a large number of stands are studied, the 
caleulation of the w index becomes burdensome, since 


n—1 


there are n x comparisons to be made. Thus, 


for 10 stands, 45 comparisons are needed, while for 
100 stands, 4950 are required. In such eases, re- 
course should be had to electronic calculators, using 
punch cards as score sheets. In the present case, 
a complete comparison was made by hand for 59 
stands, resulting in 1711 values of the w index. These 
values were arranged by stand number in a matrix. 
W ¢ would be happy to correspond with anyone who 
is Interested in obtaining a copy of the matrix for 
further work. 
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THE ORDINATION METHOD 

The use of stand data and of a summation of a 
series of tests of these stands has been outlined as 
the quantitative basis for the present study. Of the 
ordination techniques which were reviewed, many 
depend upon the use of a previous knowledge and 
sometimes classification of either the vegetation or 
physical environment. Although this use is not neces- 
sarily undesirable in ordination studies, it is apparent 
that a technique which can extract an ordination 
directly from the available data would be best suited 
to the present study. One quantitative and com- 
pletely objective technique which makes this extrac- 
tion is factor analysis. 

Factor analysis seeks to draw “functional unities” 
(factors) from an oriented table (i.e. matrix) of 
correlation coefficients. These coefficients can be 
‘aleulated, as in Goodall (1954b), from a correlation 
among species, which are correspondent to tests in 
factor analysis; or, if the relationship among stands 
is needed, the use of direct interstand correlation 
is permissible (Tucker 1956). In either case, the 
standard techniques of factor analysis are applicable. 
The extraction of a functional unity is followed, in 
most factor techniques, by the computation of a new 
matrix, called the residual matrix, from which the 
next unity can be obtained. This series of extractions 
results in a number of linear vectors, called the factor 
matrix, and an attempt is then made to identify 
each vector with an underlying cause. Factor 
analysis is used in areas where no hypotheses are 
available about the causal nature of the domain, and 
is based upon the assumption, according to Thurstone 
(1947), that “. a variety of phenomena within a 
domain are related and that they are determined, at 
least in part, by a relatively small number of fune- 
When applied to ordina- 
tion study, however, these functional unities are not, 
as is emphasized by Goodall (1954b), direct environ- 
mental forees but are rather, sociologie factors. A 
“an element in the de- 


tional unities or faetors.” 


sociologie factor is defined as 
scription of the composition of the vegetation,” and 
it may or may not be related to environmental 
factors. 

The application of factor analysis to the present 
study was carefully considered, but was rejected 
for the following reasons: (1) the heavy computa- 
tional load involved in handling 59 stands, (2) the 
disadvantages, which have been diseussed above, in 
applying “r” (the correlation coefficient) to stand 
data, and (3) a hesitaney in interpreting factor 
anaylsis when applied to stand data especially in 
regard to the difficulties noted by Goodall (1954b), 
“though the factors may be statistically orthogonal, 
they are not biolog cally independent; the inter- 
pretation thus becomes more complicated.” The 
construction of a preliminary empirie method with the 
following criteria therefore seemed desirable: (1) 
vegetation structure is regarded as a possible key to 
the nature of the interaction of factors, and, as such, 
must be studied on its own level, (2) an extraction of 
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an ordination directly from objectively derived data 
without previous classification would be desirable. 

The basis of a technique which might satisfy the 
above criteria is the same as that for ordination 
systems in general: the degree of phytosociologic 
relationship between stands can be used to indicate 
the distance by which they should be separated with- 
in a spatial ordination. The degree of relationship 
of vegetation units has usually been measured by 
some estimate of the similarity of stand composition, 
with a high degree of similarity signifying a close 
spatial proximity. The technique which will be 
outlined attempts, therefore, to extract from a matrix 
of measurements of interstand similarity, a spatial 
pattern in which the distance between stands is related 
to their degree of similarity. 

Given a matrix of values of distance between points 
in Euclidean space, it is possible, without a prior 
knowledge of their location, to reconstruct their 
spatial placement (Torgerson 1952). This recon- 
struction depends upon simple techniques in which, 
in two dimensional space, for example, 3 points 
not in the same location and not on the same line, 
are used to locate the other points by their relation- 
ship to the 3 reference points. If, for example, 
there were in a matrix, 4 points, of which A, B, and 
C were each separated by a distance of 40 units and 
point D was separated from A and B by 20 units 
and from C by 34.64 units, then the position of these 
points could be established, with A, B, and C forming 
the apicies of an equilateral triangle and D occurring 
midway on line AB. 

When coefficients of community are used, however, 
as indicators of spatial distance, then exact interstand 

“distances are not available, since the position of a 
stand in relation to another stand occurs within an 
area of uncertainty originating in the sampling error 
made in surveying the stands. Furthermore, it is 
likely that stands occupy proximate instead of exact 
theoretic positions in relation to each other. The 
oceurrence of stands within an area of uncertainty 
results in a matrix of estimated proximate distances. 
If such proximate distances are available, then the 
location of stand D in the previous example might 
be in a different position relative to reference stands 
A, B, and C as compared to three other reference 
stands (if exact interstand distances were available, 
the positions would be the same regardless of the 
choice of reference stands). The technique to be 
developed, therefore, is a preliminary attempt to 
derive an ordination from estimates of proximate 
interstand distance which gives a single spatial con- 
figuration most closely approximating the matrix 
distances. 

This technique depends upon the selection of a 
pair of reference stands for the determination of 
stand positions on any one axis. Given proximate 
interstand distances, the choice of reference stands is 
of crucial importance. In making this choice, it is 
evident that reference stands are comparable, in part, 
to sighting points as used in plane-table surveying 
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and that those stands which are furthest apart will 
be more accurate for judging interstand distance than 
those which are in close proximity. This accuracy is 
especially desirable because of the area of uncertainty 
in which each stand fluctuates relative to the positions 
of neighboring stands. If these fluctuations are 
greater than the actual distance apart of the reference 
stands, then the resulting ordination will reveal only 
these fluctuations. It is necessary for any ordination 
that the sphere of fluctuation for any stand be small 
in relation to the space occupied by the ordination as 
a whole. The choice of reference stands should be, 
therefore, of those stands which are furthest apart 
and as a consequence, have the greatest sensitivity to 
over-all compositional change. 


AXIS CONSTRUCTION 

The ordinate location of points in space by the use 
of reference stands is illustrated by the ordination 
of five points whose hypothetical interstand distances 
are shown in the lower-left of Table 1. The distances, 
although hypothetical, represent exact spatial dis- 
tances. They were determined by inverting the 
estimates of stand similarity which appear in the 
upper-right of the table so that a high degree of 
similarity was represented by a low degree of spatial 
separation. The inversions were accomplished by 
subtracting each index of similarity from a maximum 
similarity value of 100. 

To locate stands between a pair of selected 
reference stands, a line connecting the reference 
stands is drawn to scale on a piece of blank paper, 
and the position of every other stand is projected 
onto this line. The projection is accomplished by 
rotating two ares representing the distance of the 
projected stand from each of the reference stands, 
and then projecting the point of are intersection 
perpendicularly onto the axis. Applying the criterion 
of the greatest degree of spatial separation as deter- 
mining the choice of reference stands, Table 1 shows 
stands number 1 and 2 to have a maximum separation 
of 99.9 units. These stands were selected, therefore, 
as the x axis reference stands and are placed in Fig. 
1 at a distance of 99.9 units. Stand 3 in Table 1 is 
70 units from reference stand 1 and the same distance 
from reference stand 2. Stand 3 is located in Fig. 1, 
therefore, at the intersection of ares with radii of 
70 units and bases at points 1 and 2. Two such inter- 
sections are possible in a two dimensional ordination, 
and the points of intersection are projected perpen- 
dicularly onto the x axis, as shown in Fig. 1, to give 
an x axis location of 50 units. Stand 4 can also be 
located along the x axis by the are intersection and 
projection technique; it occurs at 62 units along the 
x axis. Stand 5 is similarly located, after intersec- 
tion and projection, at 62 x axis units. It can be 
proven geometrically that a constellation of points 
in n space ean be projected perpendicularly onto 
the line connecting the two reference points which 
are furthest distant in the constellation by using 
the above technique. 
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TaBLE 1. Matrix of hypothetical exact interpoint 
distances. The upper-right portion of the table shows 
hypothetical data on point similarity for an exact spatial 
The lower-left portion shows data on similarity 
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which were inverted to show interpoint distance. 
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Fig. 1. Demonstration of stand location by the inter- 
section and projection technique. Stand 3 is located 
at the intersection of ares with radii of 70 units, and 
bases at stands 1 and 2. Its projected position on the 
x axis is midway between stands 1 and 2. 


A second axis can be constructed by the same 
method using a line on the paper erected at a right 
angle to the x axis. Two new reference stands are 
selected which are in close proximity on the x axis, 
but which are nevertheless separated by a great inter- 
stand distance. In the matrix in Table 1, stands 3 
and 4 fit such eriteria showing an x axis separation 
of 12 units and an interstand distance of 82.2 
units. If stand 3 is assigned a location at its upper 
are intersection point in Fig. 1, then the interstand 
distance of 82.2 units of stands 3 and 4 indicates 
that the proper location of stand 4 is at its lower are 
intersection point (intersection of underlined num- 
ber 4, Fig. 1.). The location of stands 3 and 4 is 
shown, in relation to the x axis reference stands, in 
Fig. 2. 

Stands 3 and 4 are, therefore, separated by a 
projected distance of 12 units on the x axis in 
Fig. 1, but are, nevertheless, separated as shown in 
Fig. 2 by an interstand distance of 82.2 units. The 
X axis proximity of stands 3 and 4 and their high 
spatial separation indicate that they might be used 
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Fic. 2. Demonstration of y axis construction and 
stand location. Stand 5 is located at one of the two in- 
tersections of ares 20.4 units from reference stand 3 and 
64.8 units from reference stand 4. The distance of 50 
units from stand 2 to stand 5 indicates the point of 
intersection to the right is the correct point for projec- 
tion onto the y axis. 


as reference stands for y axis construction. In Fig. 
2, a y axis location of stand 5, which is 20.4 units 
from reference stand 3 and 64.8 units from reference 
stand 4, is illustrated. The are intersections of stand 
5 with reference stands 3 and 4 shows, after projec- 
tion, two separate y axis locations, one of which, 
because the line connecting stands 3 and 4 is not 
perpendicular to the x axis, is incorrect. To deter- 
mine the correct position of stand 5, the distance of 
stand 5 from the reference stands of the x axis should 
be consulted. The distance of stand 5 from reference 
stand 2 is 50 units which indicates that the are inter- 
section to the right (intersection in Fig. 2 with under- 
lined no. 5) which is 50 units from stand 2, is the 
correct point for projection onto the y axis. Stand 
5 is located, therefore, after perpendicular projection 
at a distance of 65 units on the y axis in Fig. 2. 

By following the outlined technique, the informa- 
tion on interpoint distances in Table 1 has been used 
to indicate the spatial location of the points in a two- 
dimensional ordinate system. If such distance infor- 
mation necessitated the use of more than 2 dimen- 
sions, then further dimensions could be constructed, 
using the same technique. 


APPLICATION OF THE METHOD 
X AXIS CONSTRUCTION 

The ordination of the upland forests depends upon 
selecting stands from the complete matrix which 
can be used as reference points for the location of the 
other stands. Since the available interstand distances 
in the complete matrix represent only proximate dis- 
tances, it is obvious that any resulting stand ordina- 
tion will only approximate interstand relationships. 
It is assumed, however, that there is a certain degree 
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of order within the matrix and that the interstand 
distances are not a series of random numbers. Only 
a limited number of stand positions for any one 
stand should, therefore, be possible. As noted before, 
these positions should fluctuate within a narrow area 
if an ordination is to present a meaningful approxi- 
mation of the matrix measurements. 

Before the reference stands for the first axis can be 
selected, coefficient of community values, as found in 
the complete matrix, must be inverted so that a low 
coefficient of community value represents a relatively 
greater spatial separation and a high value represents 
a elose proximity. Although the coefficient has a 
range from 0 to 100, the error involved in sampling 
a stand makes it unlikely that any of a series of 
replicate samples from the same stand will show 
the maximum Two stands were sampled, 
each 7 times, using the field methods described 
earlier, and coefficients of community were calculated 
among these samplings. The mean coefficient of 
community within each of the 7 replications was 82 
which indicated a mean error of index reproducibility 
of around 20 index units. A value of 80 was, there- 
fore, considered to represent the maximum coefficient 
value, that is, the value for two indentical stands; 
the highest value actually found in the complete 
matrix for 59 stands was 79. 

To convert coefficients of community to interpoint 
distance values, an inversion was accomplished by 
subtracting each coefficient value from the fixed maxi- 
mum of 80. Stands which had a coefficient of 0 
were separated, therefore, by a maximum distance of 
80 units. All subsequent mention of stand inter- 
point distances refers to the inverted coefficients of 


value. 


community. 

Using the criterion of the greatest spatial separa- 
tion for the choice of reference stands, an examina- 
tion of the inverted values showed 3 pairs of stands, 
numbers 35 and 136, 00 and 137, and 33 and 138, to 
be separated by the maximum distance of 80 units. 
Since these 3 stand pairs each showed coefficients of 
community of zero indicating no similarity, their 
relationship to the other stands in the study was 
examined to determine whether they were completely 
unrelated to the other stands. It is suggested that 
a stand pair with a 0 coefficient of community be 
used as a reference pair only if each member of the 
pair shows a value greater than 0 with all stands 
which are not members of reference pairs. By 
establishing this criterion, the choice of a stand pair 
member which shows no relationship to other stands, 
and which, therefore, contributes nothing to a knowl- 
their relative spatial location, will be 
avoided. This criterion can be met in relation to 
stand pairs 35-136, 00-137, and 33-138 each member 
of which shows a relation greater than 0 to every 
other stand in the study. 

The stand pairs selected above appear to repre- 
sent 2 sets of related stands, numbers 136, 137 and 
138 and numbers 00, 33, and 35. The index values 
between each of the members of each set were highly 
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significantly correlated, as tested with r. Each of 
the 3 pairs of reference stands were used, therefore, 
to ordinate stands along the x axis on the supposition 
that the use of several sets of stand data might 
include more information from the matrix than if a 
separate set were used, and might reduce the fluctua- 
tions from non-exact distance measurements. 

Since each of the 3 pairs of reference stands were 
separated by the maximum distance of 80 units, a 
line of 80 units was drawn connecting each of the 
reference pairs. The ordination was accomplished 
by the technique outlined above of are rotation and 
of the projection of the point of are intersection 
onto the x Stand 89, for example, showed a 
coefficient of community of 39 and 17 with stands 
00 and 137. The inverse of these values, representing 
spatial separation, is 41 and 63, and stand 89 was 
located, therefore, at the intersections of ares with 
radii of 41 and 63, respectively. These intersections 
were projected perpendicularly onto the x axis at a 
position of 25.5 units from reference stand 00 and of 
54.5 units from reference stand 137. 

The final x axis position of a stand was determined 
as the median position for the stand in relation to the 
three pairs of reference stands. There was a close 
similarity in the x axis positions of the stand in re- 
lation to the three pairs of reference stands. Stand 
89, for example, had x axis positions of 54.5, 48.5, 
and 46.5, and was assigned an x axis location of 48.5. 
The final median values presenting x axis location 
are shown in column 1 of Table 2. 


axis. 


TABLE 2. Stand loeations in three dimensions 





ORDINATION Axis | | ORDINATION AxIs 








Stand |——_, ————|Stand| -_——_ 
m1 Ki Y | & feel Bo ee 
00 | 79.0 | 35.5 | 37.0] 93 | 53.0 | 54.0 | 52.0 
01 | 55.0] 58.5 | 41.0] 95] 4.0 | 45.75 | 40.5 
03 | 21.0 | 55.0, | 32.0 | 96 | 37.5 | 51.75 | 33.0 
04 | 32.5 | 61.25 | 43.0 | 100 | 65.0 | 30.25 | 48.0 
05 | 63.0 | 38.0 | 50.5 | 101 | 62.0 | 21.0 | 52.0 
06 | 46.5 | 33.5 | 41.5 | 102 | 49.5 | 40.75 | 45.5 
09 | 45.0 | 38.75 | 44.0 | 103 | 61.0 | 33.5 | 48.0 
15 | 67.5 | 32.75 | 58.0 | 104 | 68.0 | 41.0 | 66.0 


16 | 14.0} 39.0 | 19.0 | 105 | 28.0 | 41.0 | 23.0 


17 | 21.0 | 56.5 | 40.0 | 106 | 16.5 | 44.5 | 14.0 
18 | 20.5 | 40.75 | 28.0 | 107 | 47.0 | 55.5 | 19.5 
19 | 66.0 | 27.75 | 57.5 | 108 | 43.0 | 57.5 | 28.0 
20 | 63.0 | 39.5 | 55.0 | 109 | 60.0 | 60.25 | 21.0 
21 17.0 | 38.25 | 13.5 | 110 | 18.5 | 57.75 | 48.5 
23 | 71.0 | 58.5 | 50.5 | 111 | 47.0 | 61.75 | 33.0 
24 | 56.5 | 59.0 | 54.0 | 112 | 37.0 | 42.0 | 50.0 
25 | 68.5 | 25.0 | 59.0 | 114 | 31.5 | 70.75 | 41.0 
26 =| 46.5 | 61.75 | 30.5 | 117 | 27.0 | 61.0 | 45.5 
31 76.0 | 35.25 | 44.5 | 118 | 13.5 | 66.5 | 53.0 
33 "| 74.0 | 46.25 | 39.0 | 119 | 18.0 | 72.5 | 39.0 
35 «=| 77.0 | 38.5 | 32.0 | 120 | 19.5 | 62.0 | 28.5 
41 | 11.0 | 39.0 | 39.0 | 121 | 10.5 | 64.25 | 41.0 
73 | 14.5 | 53.75 | 31.5 | 127 | 55.0 | 45.75 | 55.5 
85 | 16.5 | 62.5 | 47.5 | 128 | 61.0 | 43.75 | 32.5 
86 | 71.0 | 43.5 | 30.0 | 136} 8.5 | 47.0 | 30.0 
87 | 42.0 | 50.5 | 47.0 | 187 | 7.5 | 36.75 | 52.0 
88 | 73.5 | 37.0 | 57.0 | 188 | 7.5 | 39.0 | 34.0 
89 | 48.5 | 49.0 | 60.5 | 151 | 30.5 | 47.25 | 43.0 
91 | 700 | 54.25 | 39.5 | 185 | 47.0 | 17.5 | 40.0 
92 | 62.5 | 25.0 | 61.5] .. igs 
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Y AXIS CONSTRUCTION 

The choice of reference stands for the second axis 
is based upon criteria which are, in part, similar to 
those used in the choice of the first dimension 
reference stands: stands separated by the greatest 
interpoint distance and by the least projected x axis 
distance can be expected, if chosen as reference 
stands, to give the greatest spatial separation to the 
other stands. Stand pairs which most closely fit the 
above criteria are likely to be central in axis 
location since by the mechanics of the are inter- 
section and projection technique, the more nearly 
stands are found toward the center of any axis, the 
greater is the probability that they will have spatial 
separation in the new dimension of a relatively great 
distance. Conversely, stands located towards one 
of the ends of the axis are less likely to be distantly 
related, since by sharing a relatively high relation- 
ship with the reference stands towards which they 
are found, they are, therefore, more likely to be 
related to each other. 

A test is suggested for the selection of y axis 
reference stands in which the value of stand separa- 
tion on previous axes is subtracted from the index 
value of interpoint distance, with the highest value 
considered to be the most suitable. Such a_ test 
weights a low separation on previous axes as of equal 
importance with a high degree of interpoint distance. 
The importance of choosing reference stands in close 
proximity on previous axes is illustrated in subse- 
quent z axis construction in which the condition of 
non-exact interpoint distances makes it impossible 
to correct for non-perpendicular axes. This test was 
applied to the 59 stands in the study and_ stand 
pair 111 and 185, which are separated by a projected 
x axis distance of 0 units (Table 2) and by an inter- 
point distance value of 47 (as inverted from a 
coeffident of community of 33), gave a maximum 
value of 47. Another stand pair, 26 and 185, also 
gave a high value (46.5) by the above test, with 
separations of 0.5 and 47 respectively. Stands 26 
and 111 were found to be highly significantly cor- 
related in their relationship to the other stands, and 
the use of several reference sets again appeared 
feasible. Stands 26 and 185, and 111 and 185 were, 
therefore, selected as y axis reference stands. Since 
these two sets of stands were separated by only 0.5 
and 0.0 units respectively on the x axis, projections 
after are rotation were made directly onto the line 
connecting each reference pair, and this line was con- 
sidered the y axis. Final vy axis location for each 
stand was determined by taking the mean position 
for each stand on the two constructed axes. These 
axis positions are shown in column 2 of Table 2. 


Z AXIS CONSTRUCTION 
With the completion of the y axis, a search was 
made for stands which had relatively similar x and 
Y axis positions, but which were, nevertheless, 
separated by relatively great interstand distances. 
The same test of maximum axis separation was made 


as in the choice of the y axis reference stands, and 
a pair of stands, numbers 89 and 107 were found to 
give the highest value. Stands 89 and 107 were 
separated by an interstand distance of 41 units and 
by projected distances of 0.5 on the x axis and of 
8.5 on the y axis for a test value of 32.5. The line 
connecting reference stands 89 and 107, although not 
perpendicular to the y axis and, therefore, not exact- 
ly parallel to the z axis was, nevertheless, used as a 
base line onto which to project the are intersections. 
This was necessary since the sampling error involved 
in the area of uncertainty surrounding each stand 
made it impossible to apply formulae which would 
correct the effect of a non-perpendicular axis. This 
error also prohibited the consultation of distances to 
the x or y axis reference stands, since some stands 
to be projected onto the z axis were found to be 
equidistant from the x and y reference stands. No 
choice could, therefore, be made (as is illustrated in 
the location of stand 5 in Fig. 2) between upper and 
lower intersection points. Are intersections were, 
therefore, projected directly onto the line connecting 
reference stands 89 and 107. The projections onto 
this line were considered z axis stand locations, and 
are shown in column 3 of Table 2. 


RESULTS 
Using the values in Table 2, each of the 59 stands 
studied was located on a two dimensional graph by 
the intersection of its values on any two of the three 
axes. In Fig. 3, for example, each point on the graph 
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Fig. 3. Demonstration of dominance distribution of 
Tilia americana within the x-y ordination. Each circle 
or dash represents a stand location. Actual dominance 
figures in basal area per 100 sq. in. per aere at breast 
height are given beside each stand loeation. Values in 
the upper 25% are represented by the largest circle, 
values in the 50 to 26% quartile by medium sized 
circles, values in the 75-51% quartile by small circles, 
and values in the 100 to 76% quartile by dots. Contour 
lines are drawn around the 4 quartile lower limits in such 
a manner as to include all examples of the indicated size 
class whether or not lesser size class values are present. 
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represents a stand with its locus determined by its 
values in Table 2 for the x and y axes. Similar 
plottings were made for the stand locations on the x 
and z axes and the y and z axes. These 3 graphs 
can be thought of as 3 views (front, top, and side) of 
a three-dimensional cube, within which the stations 
are located at the intersections of lines projected 
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from each axis. The actual construction of. three- 
dimensional models is very time consuming (Fig. 7), 
Once the stands are located in a two- or three- 
dimensional configuration, it becomes easy to 
study the behavior of individual species within the 
stands. In Fig. 3, for example, the actual basal area 
per acre for Tilia americana is plotted on the X-y 
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Fig. 4. Dominance behavior of the 8 most important tree species (other than Tilia americana) within 


each of the 3 views of the ordination. 
Dominance per acre at the 50% level in sq. in. 


illustrated in Fig. 3, 


Size of circle corresponds to the quartile size class distribution 
is as follows: Acer saccharum §8,- 


000; Carya ovata 1,000; Fraxinus americana 2,200; Ostrya virginiana 400; Quercus alba 5,700; Quercus 


borealis 7,600; Quercus velutina 4,000; Ulmus rubra 3,200. 
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Fig. 5. Frequency behavior of score herbs (12 species) within the x-y ordination. Size of circle corre- 


sponds to the quartile size class distribution illustrated in Fig. 3. 


Frequency at the 50% level is as follows: 


Apocynum androsaemifolium 10; Arisaema trifolium 30; Desmodium glutinosum 40; Fragaria virginiana 25; 


Galium aparine 50; Galium concinnum 47; Hydrophyllum virginianum 
Sanguinaria canadensis 35; Viola pubescens 37. 


stachya 30; Pteridium aquilinum 


5; Hystrix patula 10; Phryma lepto- 
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Fic. 6. Frequency behavior (understory species) and dominance behavior (trees) of 9 species not used 
in ordination construction. Size of circles corresponds to the quartile size class distribution illustrated in 
Fig. 3. Dominance per acre at the 50% level in sq. in. is as follows: Juglans cinerea 2,100; Juglans nigra 
800; Populus grandidentata 1,200. Frequency at the 50% level is as follows: Allium tricoceum 10; Dier- 
villa lonicera 10; Podophyllum peltatum 30; Pyrola elliptica 15; Veronicastrum virginicum 10; Zanthoxy- 


lum americanum 20. 


graph. The values at each point are the measured 
basal areas for Tilia as taken from the field data 
for each stand. Those stands in which Tilia was 
absent are indicated by a dash. The basal areas have 
been put into size classes, as indicated by the circles 
of different size. In this and all similar figures in 
the paper, the largest circle includes the top 25% 
of all of the values; the next size, the third 25%; 
the smallest circle, the second 25%; and the solid 
points, the first or lowest 25% of the values. At 
a glance, therefore, it is apparent that Tilia reaches 
its highest importance in a very small portion of the 
possible area and that the stands with lesser domi- 


nance of this species are spread out from it in a 
pattern of decreasing occurrence. The contour lines 
on Fig. 3 have been drawn in such a way as to 
include all examples of the indicated size class, 
regardless of whether lesser size classes are also 
present. They, therefore, indicate the area within 
which the species may reach the indicated level 
of domination. 

Similar graphs were made for all axis combina- 
tions for all species used on the test sheet and for a 
large number of species not used in the ordination. 
Fig. 4 illustrates the 3 views for the 8 most important 
tree species, while Fig. 5 shows x-y views only for 





the 12 herbs used on the seore sheet. Nine species not 
used in constructing the ordination are shown in 
Fig. 6 in x-y views. 

A three-dimensional representation of the behavior 
of Quercus borealis is given in Fig. 7. The 3 sizes of 
spheres indicate the top 3 quartiles of dominance per 
acre. No differentiation is made between the lowest 
quartile and the stands not containing the species; 
both are indicated by holes which appear as dots in 
the figure. A comparison of Fig. 7 with the ap- 
propriate views of Q. borealis in Fig. 4 will show 
how these separate presentations may be used to gain 
a visual image of the ordinations in three-dimensional 
space. 





Fig. 7. Three-dimensional model of the dominance 
behavior of Quercus borealis within the ordination. The 
3 sizes of spheres indicate the top 3 quartiles of domi- 
nance per acre. Stands of the lowest quartile and with- 
out the species are represented with holes which appear 
as dots in the figure. The x axis is on base of model 
at front from left to right; y axis on base from front 
to rear; z axis in vertical plane from below to above. 


Certain measures of the environment, including 
soil analyses made upon a pooled sample from 3 ran- 
dom collections of A, layer in each stand are given 
in Table 6 for the stands used in the study. The 
soil nutrient analyses were made by the State Soils 
Laboratory, Madison, Wisconsin. Water retaining 
capacity was determined by the method outlined by 
Partch (1949). 


DISCUSSION 

THE MECHANICAL VALIDITY OF THE ORDINATION 

The biologie and environmental results of the 
ordination in Table 2 should be assessed by criteria 
which are consistent with the assumptions upon which 
the ordination technique is based. The first of these 
assumptions is that the degree of compositional 
similarity between stands can be used as comparative 
distances to indicate spatial locations for these stands. 
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The complexity of stand relationship and of the 
forces which influence community structure is of such 
magnitude that a matrix of comparative distance 
cannot, as previously noted, be oriented in a single 
exact configuration. The complexity of stand relg- 
tionship is not chaotic, however, and it is assumed 
that each stand fluctuates within a fairly limited areg 
in its compositional (and spatial) relationships, al- 
though this area is enlarged by the sampling error of 
the techniques used in field survey. The ordination 
is further based on the assumption that by establish- 
ing a set of exact criteria for stand selection, the num- 
ber of interdependent causal complexes acting within 
the community can be limited. This limitation in- 
creases the, probability that reference stands can he 
selected which are oriented along the lines of major 
changes in community structure, but it does not 
necessarily prevent a certain loss of matrix informa- 
tion by the selection of reference stands which reflect, 
in part, independent causal happenings which are 
unrelated to the major complexes. It is evident, 
therefore, that the validity of the ordination should be 
tested on its ability to approximate (but not exactly 
reproduce) the estimates of stand similarity, and 
perhaps to show stand alignments which correlate with 
the available estimates of physical environmental 
features. 


TABLE 3. Interstand distances of the reference stands 
from matrix and ordination. The first column lists all 
pair combinations of reference stands; second column 
shows coefficients of community inverted to represent 
interpoint distance; third column shows distances be- 
tween the stands in the ordination. 





! 
| | ] 
| 


Ordina- | | Ordina- 

Stand | Matrix | tion | Stand | Matrix | tion 
Pairs | Distance | Distance | Pairs | Distance | Distance 
00- 35 16 06 89-107; 41 | 41 
00- 33 25 12 89-111 35 30 
00- 89 | 4] 40 89-185 46 38 
00-107 | 37 42 89- 26 38 33 
00-111 48 42 89-136 64 | 30 
00-185 49 37 89-138 64 49 
00- 26 58 42 89-137 63 44 
00-136 79 72 107-111; 2 | Jb 
00-138 78 72 107-185 46 43 
00-137 80 73 107- 26 | 25 13 
35- 33 21 1] 107-136; 57 | 4i 
35- 89 55 42 107-138 | 58 45 
35-107 48 37 107-137 | 70 | 54 
35-111 58 38 111-185 47 | 45 
35-185 55 37 111- 26 21 | 03 
35- 26 55 38 111-136 5 | 4 
35-136 80 69 111-1388; 65 | 46 
35-138 | 79 69 111-137 70 ~=6||~—( 80 
35-137 | 79 72 =| 185- 26 48 | 45 
33- 89 52 33 =|: 185-136 | 64 49 
33-107 51 35 185-138 61 | 48 
33-111 56 32s |: 185-137 69 | 46 
33-185 63 39 26-136; 64 | 41 
33- 26 61 33 26-138; 59 45 
33-136 | 77 66 26-137 72 | Sl 
33-138 | 80 67 136-138 42 | 0 
33-137 | 78 68 136-137| 34 | 24 

| 138-137 30 18 
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To assess the approximation of ordination distances 
to coefficient distances, 58 stand pairs were selected 
at random and their interpoint distances in the ordi- 
nation compared with their coefficient of community 
values in the matrix. Interstand distance a 
two points (with locations x,, yj, and z,, and Xo, Yo, 
and 2) was determined by the formula 
\ (x, — Xo)? + iy, — Ye)’ + (2, — a)". The 
comparison of the 58 stand pairs showed a correlation 
value of —.35 which is significant at the 1% level. 
The correlation is negative since ordination distance 
between stands, which shows low values for a high 
similarity in composition, was compared with 
coefficient of community. values which show high 
values for a high similarity. The highly significant 
correlation demonstrates the tendency for the ordina- 
tion to approximate the stand relationships in the 
matrix. The check of ordination distance compared to 
coefficient distance was also applied to the 11 
reference stands. Coefficient of community values 
were first inverted by the method previously discussed 
to represent degree of spatial separation and are 
presented in the first column of Table 3. The second 
column of the table shows interpoint distance in the 
ordination as caleulated by the above formula. The 
correlation coefficient of these two distances for 55 
stand pairs is +.73 which is significant at the 0.1% 
level. 

The test of the ordination as a whole is that it 
approximates the interstand distance relationships in 
the matrix of coefficients of community. For any 
individual axis, however, additional assurance is 
necessary that it has contributed new and meaningful 
separations of the stands. A correlation test was, 
therefore, applied among the stand locations of the 
3 axes. Stand locations along the x and y axis and 
along the y and z axis were found to be uncorrelated. 
Stand locations on the x and z axis were, however, 
correlated at the 5% level, though not at the 1% 
level. It was, therefore, possible that the z axis re- 
peated, in part, information previously revealed in 
the x axis. It was decided that this repetition was 
not sufficiently great to justify discarding the z axis 
for the following reasons: (1) As will be demon- 
strated, the z axis showed meaningful separations of 
species midpoint locations which were not available 
on previous axes. (2) The x-z species distribution 
patterns in Figs. 4 & 9 showed little tendency toward 
a linear arrangement which would result if the axes 
were perfectly correlated. (3) Of 10 environmental 
measurements which were tested with each axis, 7 
were correlated with the x axis, but, of these 7, only 
2 were also correlated with the z axis. One of these 
two correlations was of a ratio which had a different 
basis on the z axis than on the x axis. There was 
also an environmental feature which correlated with 
the z axis, bat not with the x axis. 

The third test of ordination validity is whether 
the x, y, and z axes lead to a randomization of stand 
location. Such a randomization would obscure any 
differences in species or environmental behavior. It 
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is apparent that if this were the case, then the species 
midpoints on each of these axes, as shown in Table 
4, would have been in the same location, which they 
clearly are not. A random unordered stand orienta- 
tion would probably also result in few or no environ- 
mental correlations, but as seen from Table 7, this 
does not happen. Every environmental feature is 
correlated with at least one of the axes. 


TaBLE 4. Location of species midpoints on ordina- 
tion axes. Midpoints are mean axis locations of domi- 
nace values and represent point at which species reaches 
its optimum importance with respect to size. 








Species a 2 ae 
Quercus macrocarpa..... maa 16.3 46.4 
Quercus velutina..... eyes ee 17.4 | 49.3 
CONUR CUE, 0... 2 ccc cscess |} 30.1 | 44.8 
Prunus serotina.............- 31.5 46.5 
See” 35.5 46.7 
Quercus borealis........ - 40.9 51.8 
Ulmus americana.... ee 44.8 | 33.5 
Populus grandidentata.........| 47.6 45.4 
Fn ea 56.6 41.0 
Ostrya virginiana............ 57.7 | 34.9 
Fraxinus americana...........| 62.2 31.8 
Juglans cinerea..... ren ee 40.4 
Carya cordiformis.............| 63.3 43.6 
Tilia americana........... ...| 64.9 37.5 
Ulmus rubra.......... cesena] Sees | See 
Acer saccharum.............. 68.4 40.5 


The determination of species midpoints referred to 
above was made by finding the mean quantitative be- 
havior (in this case, absolute basal area per acre) in 
each of 10 equal gradient sections, weighting the 
mean value by axis position, summing these weighted 
values, and dividing by the sum of the quantitative 
behaviors. These midpoint values for dominance per 
acre are shown in Table 4. They indicate the point 
at which each species reaches its optimum importanee, 
at least with respect to size. 

The differing relationships of species with each 
other along the 3 gradients can be seen from Table 
4, Along the x axis, for example, Acer saccharum 
and Ulmus rubra occupy almost identical positions, 
and both are separated from Ostrya virginiana by 
over 10 units, vet, on the z axis, Acer and Ulmus 
are separated by over 10 units, while Acer is less than 
Similarly, Ulmus 
americana and Quercus borealis which are less than 
4 units distant on the 
18 units on the y axis, while Juglans nigra and 
Ostrya virginiana which are 1.1 units apart on the 
X axis, are separated by 6.1 and 7.0 units on the y 


2 units distant from Ostrya. 


axis, are separated by over 


and z axis, respectively. 

The distances between the basal area per acre mid- 
points of the species is shown, for 3 dimensions, in 
the upper-right of Table 5. This table can be used as 
a basis for a spatial ordination of the species which 
is comparable to the patterns presented in deVries 
(1953). <A drawing of such an ordination with mid- 
point locations the same as on the 3 axes of Table 4 
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TaBLE 5. Species midpoints—interpoint distances in three dimensions. The upper-right of the table shows 


the distances between the dominance midpoints of species in three dimensions. 


The lower-left indicates whether 


there was greatest separation of midpoints in the first, second, or third dimension. 
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Fig. 8. 
locations of dominance behavior of tree species. Deter- 
mination of center point locations explained in text. 
Point on frame closest to reader is lowest value for 


Three-dimensional drawing of the center point 


all 3 axes. The traditional position of the axes 
was changed to prevent the hiding of some species in 


the drawing. 


is presented in Fig. 8. Both the upper-right of 
Table 5 and Fig. 8 show community relationships of 
species by suggesting an estimate of the relative 
correspondence of their stand locations; the less 
distant is the degree of midpoint separation, the 
more likely are the species to occur in the same 
stands. 

The lower left of Table 5 lists the axis for each 
stand pair on which there is the greatest spatial 
separation in their dominance midpoints. In spite of 
the greater importance of the x axis (with a maximum 
distance between midpoints of 52.1 as compared to 
20.0 and 20.9 for the y and z axes), there are 33 of a 
total of 120 stand pairs which give a greater separa- 





tion on the y or z axis than on the x axis. These 
separations, in many cases, complemented the results 
of field observations, and gave indication that a bio- 
logic interpretation of the meaning of the axes might 
be possible. 


THE BrioLoGic VALIDITY OF THE ORDINATION 

The ordination, therefore, by the use of a technique 
which is open to modification, gave one (but certainly 
not the only possible) approximation to the informa- 
tion on stand similarity in the matrix of coefficients of 
community. This approximation was made in 3 
dimensions which were demonstrated to give species 
locations and environmental correlations which were 
non-random and non-repetitive. The ultimate test 
of the value of the ordination is, however, a biologie 
one, and sueceeding discussion will attempt to utilize 
the ordination in examining the nature of the com- 
munity and of its factorial relationships. 

The views of species distribution in Figs. 4, 5, and 
6 can be used in creating a mental image of the 
species as they appear in three dimensions, an image 
which will reveal the same effect as that of the 3 di- 
mensional pattern in Fig. 7. From these visualiza- 
tions and from Fig. 7, it is evident that each species 
shows all or part of an atmospheric distribution, 
that is, one in which there is an increasing concentra- 
tion (number of points) and importance (size of 
points) of the species as the center of the distribution 
is reached. Away from the center, the decrease in 
numbers and sizes of the points is not always uni- 
form in all directions but the species distributions, 
nevertheless, suggest that an idealized distribution 
would show a concentration and size of points di- 
minishing outward in all directions from a dense 
center to an area beyond a sparse periphery where 
the points no longer occur. 

An atmospheric distribution is a form which can 
be expected from an extension of the frequently 
expressed concept of ecologic amplitude into more 
than 2 dimensions. This concept postulates a mini- 
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TABLE 6. 
within each 
Nutrient values in pounds per acre at a soil depth of 7 in.; W.R.C. 


matter. 
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mum, optimum, and maximum behavior for each 
species in relation to the dynamics of community 
structure, and has often been demonstrated in 2 
dimensions by contour-shaped (“solid normal’’) pat- 
terns and in one dimension by bell-shaped (“normal”) 
patterns. It can be shown that a compression of an 
atmospheric distribution into 2 dimensions will give 
contour-shaped patterns as shown in Fig. 3 and in 
Wiedemann (1929), Ramensky (1930), Pogrebnjak 
(1955), and Whittaker (1956). Further compres- 
sion into one dimension will yield the bell-shaped 
patterns demonstrated in the original linear treat- 
ment of the upland forest (Curtis and McIntosh 
1951). 

Fig. 6, which shows species patterns similar in 
form to the two preceding figures, demonstrates the 
relevance of the ordination to the entire plant popu- 
lation of the upland hardwoods. The 9 species 
in Fig. 6 include all of the minor tree species for 
which adequate data were available and an unbiased 
selection of shrub and herb species. Although none 
of the species in Fig. 6 contributed to the placement 
of stands in the ordination, they, nevertheless, show 
the same atmospheric distributions outlined above. 
The ability of the ordination to give meaningful 
patterns to species not used in its construction is 
considered as both a basic test of the usefulness of the 
ordination and as a demonstration of the feasibility 
of gradient construction by the consideration of less 
than the total species complement. 

Figs. 4 through 6 show each species to have an 
individual pattern, different in size and location, 
although fairly similar in shape to those of other 
species. The distribution and the relationship of 
the patterns within the ordination is clearly one of 
continuous variation, as was previously demonstrated 
in the linear continuum of Curtis and McIntosh. 
The species used in the ordination, as well as those in 
Fig. 6 which were examined after the ordination 
was completed, can be described, therefore, as having 
patterned, non-random distributions within the pre- 
scribed geographic, environmental, and physiognomic 
limits of the study. Each of these distributions 
moves outward from central areas of high density to 
peripheral areas of sparse density, and this move- 
ment reveals along 1, 2, or 3 dimensions ecorrespond- 
ing bell-shaped, contour-shaped, or atmospheric 
distributions. Each species has a separate area of 
location, and within this area its distribution is 
interspersed to varying degrees with other species 
distributions so that there is a continuous change in 
stand composition from any part of the ordination 
to any other part. 

The above description supports, to a large degree, 
conclusions from work completed in a diversity of 
geographie regions and vegetations, including the 
studies of Gleason (1926), Vorobyov & Pogrebnjak 
(1929), Ramensky (1930), Sérenson (1948), Sjérs 
(1950), Curtis & McIntosh (1951), Whittaker (1951), 
deVries (1953), Goodall (1954a), Guinochet (1954), 
Webb (1954), Churchill (1955), Horikawa & Okutomi 
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(1955), Poore (1956), and Hewetson (1956). It is 
suggested that evidence for the individualist theory of 
species distribution and for the continuum nature of 
community structure is now sufficiently compelling to 
require studies concerned with community structure 
to examine the relative continuity or discontinuity 
of their material and to use quantitative methods 
which will permit this examination. At a minimum, 
the examination would include a sampling of at least 
one analytic character in a sufficient number of 
stands to allow comparisons of quantitative compo- 
sition. If an apparent grouping of stands into a dis- 
crete unit (i.e. association, etc.) is suspected, then 
this unit should be tested against samples of related 
vegetations to determine whether there are separate 
groups of stands with a certain range of variation 
within each group, or whether this variation is great 
enough to obscure the boundaries between the groups. 
If the latter is true, the application of ordination 
methods is necessary. A reasonable approach to the 
treatment of phytosociologic material about which 
little is known might be to check carefully the homo- 
geneity of each stand, and then to apply an ordination 
technique. If clumps of stands are shown along the 
resultant gradients, it would then be possible to regard 
these clumps as castes (associations, ete.) and deter- 
mine the suitable parameters necessary for the future 
classification of each caste. 

One reason for reexamining the upland hardwoods 
of Wisconsin was the diversity of interpretations 
which various readers gave the original paper. Thus, 
some correspondents questioned if the linear con- 
tinuum was not a statistically advanced restatement 
of succession, while others (Horikawa & Okutomi 
1955) regarded it as a demonstration of relationships 
which were independent of succession. The con- 
tinuous compositional variation which was demon- 
strated was at times assumed to apply to spatial 
transition as seen in the field (Churchill 1955), as 
contrasted to theoretic variation in the structure of 
communities regardless of their microgeographie 
relationships. In clarification of the above interpre- 
tations, it should be evident from the present study 
that the dimensions of the ordination are purely 
compositional and cannot necessarily be directly re- 
lated to factors or to complexes of factors. Succes- 
sional change is only one among many causal forees 
which have shaped the species distribution patterns 
of Figs. 4 through 6. The dimensions represent an 
approximation of the changes in compositional 
structure which are present within the community 
and are not spatial transitions as they exist in the 
field, although, as noted by Gleason (1926) and as is 
evident to many field workers, there are often natural 
areas where the salient features of a continuum cal 
be observed. 

THE NATURE OF THE GRADIENTS 

It is likely that the degree to which there are 
separations in more than one dimension was in part 
dependent upon the qualifications used to differenti- 
ate the community initially. Had sufficient knowledge 
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been available before the study was begun, it might 
have been possible to eliminate those stands from 
the study which had relatively poor subsoil drain- 
age and one of the additional dimensions might, 
thereby, have been eliminated. On the other hand, 
had there been an expansion of the data to include 
poorly drained forests and those subject to inunda- 
tion, then a more complete picture of the southern 
forest as a whole could have been given. The view 
of Ashby (1948), that the most important aspect of 
community study is the original delineation of the 
study area, is very applicable to the present study. 

As previously noted, the 3 dimensions of the 
ordination represent compositional gradients which 
are not likely to be related to any single causal 
agency. The probability that every factor is a 
constant influence on the structure of a stand, and the 
interrelated nature of biotic and physical factors, 
prohibits the identification of single causal mecha- 
nisms. In spite of these limitations, however, certain 
over-all patterns are evident in the 3 axes, patterns 
which relate to broad bio-physical complexes and to 
history. It is noteworthy that some of these patterns 
of species and of environmental features had not been 
suspected before the application of multidimensional 
technique. 

Thus, in general, the x axis duplicates the original 
linear continuum of Curtis & McIntosh and shows a 
complex of conditions which include gradients from 
higher to lower light intensity and evaporation, 
gradients from lower to higher soil moisture and 
relative humidity, and gradients from more to less 
widely fluctuating soil and air temperature. The 
order of species along the x axis is basically deter- 
mined by an over-all] linear direction in the many 
paths of community development within the upland 
forest. These paths follow a network of successional 
patterns which are mainly related neither to primary 
nor secondary succession but to recovery from past 
disturbance. This disturbance, in the form of fire, 
reduced the forest in many places to a savanna or 
barrens condition in which there were scattered oaks 
and/or oak brush and roots (Cottam 1949; Bray 
1955). During this reduction, the more terminal 
species which were also the more fire susceptible, 
were replaced by less terminal and by initial species 
which were the least fire susceptible. The coinci- 
dence that Quercus macrocarpa is both the most 
initial and fire resistant species, and that Acer 
saccharum is the most terminal and fire susceptible 


TABLE 7. Environmental correlations with three ordination axes. A, is depth of A, in inches; W.R.C. is 
Water retaining capacity; O.M. is organic matter; Values in body of table are the probability that there is no 
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species, suggests that the ultimate explanation for the 
composition of a forest stand in upland Wisconsin is 
largely an historic one. The longer a stand has been 
free of fire (and other disturbance forces) and the 
more favorable the habitat in which it occurs, the 
more likely it can develop to a maple-basswood 
forest. The x axis shows, therefore, mainly the 
relationship of the community to major past dis- 
turbance factors and to its own developmental re- 
covery from these factors. 

To examine correlations with physical measure- 
ments of the environment, a check was made, using r, 
the correlation coefficient, of all available environ- 
mental data with each of the three dimensions. The 
results are shown in Table 7. Since both environ- 
mental data and stand locations showed approximate- 
ly normal distributions, the significance of correlation 
was checked with the t test by examining the 
hypothesis that correlation (g9)=0. The values in 
Table 7 are the probability that p=0, and that there 
is, therefore, no correlation. Thus, a probability of 
<.01 is a basis for rejecting the hypothesis and is 
considered a highly significant correlation. A value 
of <.05 is considered a significant correlation, while 
values of >.05 are considered to represent no signifi- 
cant correlation. By the above interpretation, for 
example, percent canopy is positively correlated with 
the x axis at a highly significant level, while it is not 
correlated with either the y or z axis. 

The values in Table 7 show a highly significant cor- 
relation between percent canopy, depth of A,, organie 

1Ca ; 

matter, pH, Ca, P, —k and the x axis. Water re- 
taining capacity, K and NH, are not, however, 
correlated with the x axis. An examination of the 
values in Table 6 indicated the majority of the fea- 
tures related to the x axis, were positively correlated 
with each other. It is highly probable that these 
correlations represent the measured aspects of an 
increasingly mesie environment which aeeompany the 
successional recovery of the forest from past dis- 
turbance. While only a general interpretation ean be 
made of this recovery at present, it is clear that the 
dynamies of factorial interrelationships along the x 
axis offer a broad area for future research. 

The y axis seems to be correlated, in part, with the 
influence of surface and sub-surface drainage, and, 
consequently, with a soil moisture complex, with 
internal soil air space and aeration probably also 
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influential. The 3 tree species with midpoints to- 
wards the lower end of the y axis in Table 4 are 
Fraxinus americana, Ulmus americana, and Ostrya 
virginiana and are, of the species occurring in the 
upland forests, the most tolerant of poor drainage 
and aeration. Species which are found toward the 
upper end of the y axis are predominantly oaks, such 
as Quercus borealis, Q. alba, Q. macrocarpa, and Q. 
velutina, which are intolerant of inundation and poor 
aeration. Species with midpoints towards the center 
of the axis, such as Acer saccharum, Juglans nigra, 
Ulmus rubra, and Carya cordiformis are mesie species 
with an intermediate tolerance of poor drainage and 
aeration. 

Two environmental features, W.R.C. and NH, show 
a highly significant positive correlation with the y 
axis. Water retaining capacity is represented with 
its highest values occurring towards the upper end 
of the axis assumed above to have the better internal 
drainage. The anomaly of high W.R.C. associated 
with good drainage is perhaps explained by the dif- 
ferences in past history of the stands along the y 
axis. It was found that W.R.C. has. a significant 
negative correlation with depth of the A, layer. This 
correlation is apparently related to the circumstance 
that stands with high water-retaining capacities have 
a sharply demarcated boundary between the A, and 
Ay layers, while the opposite stands tend to have a 
diffuse boundary, with the organic matter gradually 
decreasing in amount. These differences represent 
trends towards mor humus and typical podzols on the 
one hand and mull humus and gray-brown podzolie or 
brown forest soils on the other. They probably re- 
flect past history to the extent that stands at the 
upper end of the y axis (mor humus, high W.R.C.) 
have been occupied by mixed conifer-hardwood 
forests in more recent postglancial times than stands 
at the other end, which may have developed on 
savannas or grasslands with a deep layer of incor- 
porated humus. Substantiating evidence for this 
was seen in the distribution patterns of Diervilla 
lonicera, Goodyera pubescens, Maianthemum cana- 
dense, Pteridium aquilinum and Pyrola elliptica which 
closely matched the distribution of the higher values 
of water retaining capacity. All of these species 
currently reach their optimum in the conifer forests 
of northern Wisconsin and are only incidental mem- 
bers of the southern forest under discussion. The 
mean W.R.C. in stands in which 3 or more of the 
above species occurred in the quadrat samples is 
103 as compared to a mean of 78 for the remaining 
stands. 

The strong positive correlation of NH, with the 
y axis is not related to pH, since these two features 
show no correlation with each other. There is, how- 
ever, a likelihood that the NH, correlation is, in part, 
controlled by the soil moisture and aeration complex 
discussed above in relation to tree distribution. The 
assumed poorly aerated soils towards the lower part 
of the y axis have, perhaps, a relatively higher 
proportion of denitrifying bacteria. With an in- 
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crease in internal drainage and in soil oxygen along 
the y axis, there is a proportional increase in nitrify- 
ing bacteria and, therefore, an indirect increase in 
NH,. The y axis, therefore, appears to represent 
a complex of internal soil drainage and _ aeration 
factors which is coincident with a cliseral historic 
factor reflecting post-glacial vegetational changes, 
The z axis apparently represents, in part, the 
influence of recent disturbance, with species which 
benefit by disturbance being separated from the 
species with which they are proximate on other axes, 
Both Carya ovata and Prunus serotina at the lower 
end of the z axis are gap phase species (Watt 1947, 
Bray 1956b) which take advantage of oak wilt gaps 
and of grazing in initial forests. Populus grandi- 
dentata is another gap phase species and is found 
toward the upper end of the z axis. Its ability to 
enter areas opened by fire has long been noted 
(Chamberlin 1877) and observed in the field. Ulmus 
rubra, and to a lesser extent Carya cordiformis, 
apparently do well in some disturbed intermediate 
and early terminal forests and, as a result, are pulled 
away from their proximity to Acer saccharum to 
which they are closely adjacent on the previous axes. 
Quercus alba and Quercus borealis are separated on 
the z axis to a greater extent than on the x or y 
axes, a separation which might be related to the 
ability of red oak to inerease in importance in 
maple-basswood forests which have been burned, 
forests from which white oak had been eliminated 
earlier by successional developments. 
The values in Table 7 show 3 environmental fea- 
1Ca 
—to be correlated with the z 


\ 


tures, K, O.M., and 





axis. Potassium shows a significant negative cor- 
relation which might be related to amount and content 
of loess, in that K is characteristically high in loessial 
soils in the Middle West and stands towards the 
upper end of the z axis might have an increasingly 
shallow or absent loessial layer. The highly signif- 


ve . Ca 
cant positive correlation between the ratio- 2 and 
K 


the z axis is illustrated by values which more than 
double from one end of the axis to the other. This 
correlation is the result of a Ca content which is not 
correlated along the axis coupled with the decreasing 
K content noted above. There is, therefore, a con- 
sequent increase in the ratio. Along the x axis there 
; pce eae 

is a similar——— correlation, but it is produced by an 
uncorrelated K content which is accompanied by an 
increasing Ca content. No connection is directly 
apparent between this ratio and the growth of 
plants although it may reflect amount of available 
K. Thus, availability of K is considerably decreased 
with increased Ca, if K is tending toward low levels 
of fertility (Lutz & Chandler 1946). Such low 
fertility levels are possible in the decreasing K con- 
centration along the z axis which is accompanied by 
a uniformly high Ca level. A similar non-availability 
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other species with the unlikehood that all combina- 
It is the limited number 
of stand compositions which permits the application 
of quantitative methods to community classification. 


square inches per acre for this 75% level are indi- 
cated in the legend of the figure. This may seem an 
unfair comparison since only selected contours are 
used, but a study of the full set of curves in Whit- 


tions of species can oceur. 
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FurTHER USES OF THE ORDINATION 


Although the main purpose of the study was to 
investigate the phytosociology of community structure, 
the ordination results can be used as a basis for 
further research and for investigations in related 
fields. The value of the original upland hardwoods 
continuum in animal ecology (Bond 1955) and in 
plant ecology (Tresner, Backus & Curtis 1954; Gil- 
bert & Curtis 1953; Hale 1955) has been demon- 
strated. The construction of additional dimensions 
should facilitate any further work which is done 
by providing a more complex pattern of community 
structure. Thus, studies of life histories of individual 
species can be given an exact community background 
against which to correlate those changes in the 
morphology, vitality, manner and means of dissemi- 
nation, and perhaps taxonomy and phenology of the 
species which are determined by differences in com- 
munity composition. Other important phytosociologic 
features which can be directly related to differences in 
community structure are (1) the distribution patterns 
of species, both as to variation in population means 
and in manner of dispersion, as demonstrated in Whit- 
ford (1949) and (2) the variation in interspecific 
association relationships. 

The nature of the causal role of factors shaping a 
community is an ultimate goal in ecology. The de- 
termination of community structure, as was suggested 
earlier, is perhaps a key to these causal relationships. 
Goodall (1954b) notes, “It is the high correlation 
between different environmental factors that often 
suggests a deceptively simple relationship between 
plant distribution and the environment. There is 
much to be said for the view that the complexes of 
environmental factors determining plant distribution 
can be indicated and measured better indirectly, 
through the plants themselves, than by direct physical 
measurements; this is, of course, the idea behind the 
use of “phytometers” in agricultural meteorology, 
and the attention devoted to phenology.” By separat- 
ing unlike stands along several different compositional 
gradients, possible extremes in causal reactions are 
determined and the location of crucial junctures of 
change in community structure is possible. Elaborate 
and expensive tests can then be made at these june- 
tures which would have been impossible to apply to 
the community as a whole. A further interpretation 
of the southern upland hardwoods would then, per- 
haps, be able to demonstrate the interactive nature of 
a series of factors as they change the structure of 
the community and, in turn, are changed in their 
own expression. 


SUMMARY 


The relationships of 59 stands of upland hardwood 
forest in southern Wisconsin were studied by means 


of a new ordination technique. Quantitative measure- 


ments of 26 different species were used as the basis 
of the ordination. These 26 species included the 12 
most important trees and 14 herbs and shrubs. The 
quantitative characters used were absolute density 
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per acre and absolute basal area per acre for the 
trees and simple frequency for the herbs and shrubs, 
These measurements were arranged on a “score” sheet 
for each stand after having been put on a comparable 
and relative basis. The degree of phytosociologie 
similarity of any stand to each of the other stands 
was assessed by Gleason’s coefficient of community. 
Such coefficients were calculated for each stand with 
each other stand (1711 values). 

It was considered that the degree of similarity of 
two stands as shown by their coefficient could be 
translated into a spatial pattern in which the inverse 
of the coefficient was equated with linear distance. 
Using groups of stands which were least similar as 
end points of an axis, the relative positions of all 
other stands were located along this axis by a geo- 
metric technique of are projection, with the radii 
of the ares given by the inverted coefficients of simi- 
larity. When this was done, it was seen that some 
stands were equidistant from the two end groups 
but nevertheless were themselves unlike. Using the 
most distantly related of these, a second axis was 
erected by the same method as the first. The position 
of all stands on this new axis was then determined. 
Further inspection revealed that a few stands were 
about equally spaced between the ends of both the 
new axis and the first axis but were still dissimilar. 
These were used to produce a third axis. The three 
axes were at right angles to each other, so the posi- 
tions of any given stand on each axis could be pro- 
jected to give a three-dimensional locus for that 
stand. When all stands were thus located in three- 
dimensional space, a highly significant correlation 
was found between their actual, measured spacings 
and the original coefficient of community values 
between them. 

Given the framework of the spatial distribution 
of the stands, the behavior of individual species was 
readily examined by plotting a measured phytosoci- 
ologic value of a species at the loci of the stands of 
its occurrence. It was found that all species (inelud- 
ing an unbiased selection of those not used in the orig- 
inal 26 on which the ordination was based), formed 
atmospheric distributions with high or optimum values 
in a restricted portion of the array, surrounded by 
decreasing values in all directions. No two species 
showed the same location, but each was interspersed 
to varying degree with other species, in a continuously 
changing pattern. 

The three axes of the ordination are compositional 
gradients, and their structure is interpreted as not 
the result of a causal determination by the physical 
environment but of an interaction between organisms 
and environment. A preliminary attempt was made 
to describe patterns of this interaction although an 
exact description remains for future study. Thus, 
the major (x) axis appeared to represent, in part, 
patterns of developmental recovery from major past 
disturbances. This recovery was correlated with fea- 
tures of an increasingly shaded and mesic environ- 
ment including eanopy cover and the following soil 
features: depth of A, layer, organie matter, pH, 
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ta, P, “a a The second axis was related, in 
part, with surface and subsurface drainage and with 
soil aeration and it showed correlation with soil water 
retaining capacity and NH,. The third axis was ap- 
parently related to recent disturbance and the in- 
fluence of gap phase replacement, and it showed 
‘ ehh Bs 
eorrelation with the soil feautres of K,—- and 
organic matter. The possibility that the axes may 
have different interaction patterns than suggested 
above is evident in the similarity between the two- 
dimensional distributions of a number of tree species 
in the Wisconsin stands and in Whittaker’s Smoky 
Mountain stands which were arranged along topo- 
graphic and altitudinal gradients. 
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INTRODUCTION 
OBJECTIVES AND SCOPE 

In the study of communities it is important to 
know the relationship between similar or diverse 
communities both proximate and distant. This is 
so even if only a portion of the community, such as 
the life history or population dynamies of a single 
species, is under investigation, for autecological 
problems can be completely understood only within 
a synecological frame of reference. The vegetational 
continuum concept and its methods of analysis in the 
upland hardwood forests of southern Wisconsin 
(Curtis & MeIntosh 1951) provide such a frame- 
work for the animal communities in these forests. 
The purposes of the present study were (1) to test 
the usefulness of this framework analyzing bird 
communities; (2) to determine the relationship be- 
tween bird distribution and a phytosociological gra- 
dient and, in so doing, to express quantitatively, 
rather than subjectively, avian habitat preferences; 
and (3) to determine the relationships among the 
breeding bird communities of the upland hardwoods 
forests of southern Wisconsin. 

The study consisted of counting and analyzing the 
breeding bird populations of 64 stands. The counts 
were distributed over the 1952, 1953 and 1954 breed- 
ing seasons. 
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THE VEGETATIONAL CONTINUUM CoNCEPT AND Its 
APPLICATION IN SOUTHERN WISCONSIN 
FORESTS 
In a study of the tree, shrub and herb composition 
of 95 stands in southern Wisconsin, Curtis & MeIn- 
tosh (1951) found that four tree species—Quercus 
velutina, Q. alba, Q. rubra and Acer saecharum— 
were the major components of the upland forests as 
determined by their “importance values” (calculated 
as a sum of relative density, relative frequency, and 
relative dominance of each species). Arrangement of 
the stands into groups dominated by these four spe- 
cies and other associated species resulted in an align- 
ment of all species into a series with the shade-intol- 
erant Quercus macrocarpa, a tree most common on 
pioneer sites, at one end and the shade-tolerant Acer 
saccharum at the other. Each species reached its 
optimum development at some point along this series, 
but no groups of species regularly reached their 

peaks together. 

The stands were related numerically by calculation 
of a “continuum index” (hereafter called CI) for 
each stand. This was determined by summation of 
the importance values of each tree species in the 
stand weighted according to the relative shade tol- 
erance of the species. Each tree species, then, con- 
tributes to the CI in proportion to its importance in 
the stand and its relative adaptation to climax condi- 
tions. The resulting index number shows the position 
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of the stand along a gradient from a possible CI of 
300 for a pioneer forest of Quercus macrocarpa to 
3000 for a climax stand composed solely of Acer 
saccharum. Examination of the importance of the 
various tree species in many stands along this gra- 
dient showed them to be in a “continuously shifting 
series of combinations with a definite sequence or 
patterns” (Gilbert 1953), is not peculiar to the south- 
were apparent—rather the entire series of communi- 
ties formed a continuum... .” 

The arrangement of the stands into a numerical 
order based upon their indices provides a basic seale 
or gradient upon which independently derived sets ot 
data ean be arranged. Studies utilizing this scale 
have been undertaken for plant communities and al- 
understory species (Gilbert & Curtis 1953), life his- 
tory characters of the understory (Randall 1952, 
1953). soil microfungi (Tresnor, Backus & Curtis 
1954), and bryophytes and lichens (Hale 1955), 
showing a basie ecological relationship between these 
components of the forest and the continuum of tree 
species. Most organisms exhibit a distribution along 
the gradient approaching a Gaussian curve, with 
areas of minimum, optimum, and maximum develop- 
ment. The vegetational continuum index, then. is 
not only a means of placing the stand in its proper 
phytosociological relation to other stands, but also 
an indication of its total vegetational composition. 

Such a concept as a phytosociological continuum, 
or “the idea of a gradient of some factor along 
which other factors may vary according to predictable 
ern upland hardwoods in Wisconsin. Gleason (1926) 
pattern.” Further, “no distinct groups of stands 
and Cain (1947) have pointed out that there are 


geographic clines in vegetational composition. Other 
continua have been shown in northern Wisconsin 


forests (Brown & Curtis 1952), Great Smoky Moun- 
tains vegetation (Whittaker 1951, 1956), original 
Ohio forests (Shanks 1953), prairies (Curtis 1955), 
lake vegetation (Swindale & Curtis 1957), and sa- 
vannas of the prairie-forest border area (Bray 1955). 
VEGETATION AND Brirp PoPULATION STUDIES 

Conceptual schemes into which the ecologic and 
geographic distributional peculiarities of birds and 
other animals can be fitted have long been sought by 
ecologists. Kendeigh (1954), reviewing this search. 
noted the long delay in recognition of the importance 
of vegetation. Three major concepts have been used 
to interpret the distribution of animals in North 
America: the life zone, the biome, and the biotic 
province. It is not the purpose of the present study 
to debate the merits of these systems, various authors 
having already done so (Pitelka 1941, Peterson 1942, 
Odum 1945, Dice 1952). Of the three systems, the 
biome concept (Clements & Shelford 1939) has prob- 
ably been the most productive in the study of the 
relation of vegetation to bird populations and distri- 
bution. The biome with its subordinate associations 
is considered by many to be a tightly knit unit (Ken- 
deigh 1954). However, the failure of the Clement- 


sian associations within the biome to designate sepa- 
rate communities of birds has led to the proposal by 
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eee 
Kendeigh (1948, 1954) and Fawver (1950) of the 
term “biociation” for the elimax flora of a common 
life form and its accompanying fauna and varios 
“biocies” to designate the several seral communities, 
Kach biociation and biocies has been considered as a 
unit, both spatially and temporally. 

The importance of life form and physical features 
of the habitat in the distribution of birds (Lack 
1933), the occurrence of certain avian species jn 
similar life form situations in different biomes 
(Pitelka 1941, Peterson 1942, Brecher 1943), and the 
indistinctness of boundaries between distributional 
units (Dice 1952) suggest that the unitary nature of 
some of these categories should be critically examined, 
It is only recently that the validity of these units 
has been seriously questioned (Gleason 1926, Cain 
1947, Egler 1947, Miller 1951); few relevant studies 
have been concerned with comparisons of a few areas 
most none for animal communities. The present 
study covers more than one of the associations of 
the deciduous forest (Braun 1950), thus permitting 
a test of the disereteness of the bird communities of 
these associations. Also, the unitary nature of the 
deciduous forest bird community has been evaluated, 

Comparison of bird populations within one or be- 
tween more than one habitat type was stimulated by 
the early development of the concept of habitat pref- 
erence (Judd 1902). The development of quantita. 
tive studies has been traced by Kendeigh (1944). 
Most of these studies, because of time limitations, 
have been made in southern Wisconsin forests on 
or stands. Some have been complete censuses and 
habitat type have usually been limited to one or a 
areas (Schiermann 1930, Beecher 1942, Edeburn 
1947) while others have been comparisons of bird 
populations of two or more stands. Studies of sev- 
eral stands in the same geographie region have 
usually emphasized the comparison of different habi- 
tat types, with one or a few stands representing each 
type (Kendeigh 1948, Johnston & Odum 1956). On 
the other hand, studies of different stands of a single 
habitat distribution analyses of the birds within large 
few local stands compared with stands widely sepa- 
rated geographically (Kendeigh 1947, Stewart & 
Aldrich 1949). Comparative studies based on a few 
stands are biased by interstand fluctuations (Nichol- 
son 1932, Siivonen 1948). Further, the stands have 
often been selected or their populations interpreted 
on the basis of preconceived notions of what is typi- 
cal (Whittaker 1956: 41). To overcome these biases 
extensive studies of many stands selected objectively 
are desirable. 

A few extensive quantitative studies within a single 
geographic region have been made in Europe (Elton 
1935, Soveri 1940, Udvardy 1947). Probably the 
most important is the study of more than 200 stands 
in Finland by Palmgren (1930). Extensive quanti- 
tative studies in the United States have been uncom- 
mon. Earlier ones were largely on farm lands with 
only crude separation into habitat types (Forbes 
1907, Cooke 1915). The recent Audubon breeding 
bird censuses have yet to become very extensive m 
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of the stand along a gradient from a possible CI of 
300 for a pioneer forest of Quercus macrocarpa to 
3000 for a climax stand composed solely of Acer 
Examination of the importance of the 
various tree species in many stands along this gra- 
dient showed them to be in a “continuously shifting 
combinations with a definite 
Further, “no distinct 
rather the entire series of communi- 


saccharum. 


sequence or 
of stands 


series of 
pattern.” groups 
were apparent- 
ties formed a continuum. 

The arrangement of the stands into a numerical 
order based upon their indices provides a basic scale 
or gradient upon which independently derived sets of 
data can be arranged. Studies utilizing this seale 
have been made in southern Wisconsin 
understory species (Gilbert & Curtis 1953), life his- 
understory (Randall 1952, 
1953), soil microfungi (Tresnor, Backus & Curtis 
1954), and bryophytes and lichens (Hale 1955), 
showing a basic ecological relationship between these 
components of the forest and the continuum of tree 
Most organisms exhibit a distribution along 
with 
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tory characters of the 
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the gradient 
areas of minimum, optimum, and maximum develop- 
ment. The vegetational continuum index, then, is 
not only a means of placing the stand in its proper 
phytosociological relation to other stands, but also 
an indication of its total vegetational composition. 
Such a concept as a phytosociological continuum, 
or “the idea of a gradient of some factor along 
which other factors may vary according to predictable 
patterns” (Gilbert 1953), is not peculiar to the south- 
ern upland hardwoods in Wisconsin. Gleason (1926) 
and Cain (1947) have pointed out that there are 
geographic clines in vegetational composition. Other 
continua have been shown in northern Wisconsin 
forests (Brown & Curtis 1952), Great Smoky Moun- 
tains vegetation (Whittaker 1951, 1956), original 
Ohio forests (Shanks 1953), prairies (Curtis 1955), 
lake vegetation (Swindale & Curtis 1957), and _ sa- 
vannas of the prairie-forest border area (Bray 1955). 
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Kendeigh (1948, 1954) and Fawver (1950) of. the 
term “biociation” for the climax flora of a common 
life form and its accompanying fauna and various 
“biocies” to designate the several seral communities, 
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unit, both spatially and temporally. 
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study covers more than one of the associations of 
the deciduous forest (Braun 1950), thus permitting 
a test of the disereteness of the bird communities of 
these associations. Also, the unitary nature of the 
deciduous forest bird community has been evaluated. 

Comparison of bird populations within one or be- 
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areas (Schiermann 1930, Beecher 1942, Edeburn 
1947) while others have been comparisons of bird 
populations of two or more stands. Studies of sev- 
stands in the same geographic region have 
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type (Kendeigh 1948, Johnston & Odum 1956). On 
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A few extensive quantitative studies within a single 
geographic region have been made in Europe (Elton 
1935, 1940, Udvardy 1947). Probably the 
most important is the study of more than 200 stands 
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any small region. The largest single study of breed- 
ing birds in numerous stands within a single region 
in North America was that of Fawver (1950), who 
censused 26 plots in the Great Smoky Mountains. 
Several different habitat types were under considera- 
tion, however, and there were only a few stands for 
each type. He added to this considerable contribu- 
tion by comparing his work with the published cen- 
suses from various other parts of eastern North 
America. Less extensive surveys in western North 
America have been made by Dumas (1950) and Cas- 
sell (1953). 

The present study is an extensive one, similar to 
Palmgren’s in scope. Unlike most previous studies, 
however, it is concerned with only one habitat type, 
the deciduous forest, in order to determine the 
amount of uniformity or diversity of bird popula- 
tions within that type. 

It is a pleasure to acknowledge my gratitude to 
Dr. John T. Emlen, under whose direction this study 
was made, for his valued advice and critical ap- 
praisals in all phases of the study. I am grateful to 
Dr. John T. Curtis for his stimulating suggestions 
and guidance in the development of the study and 
for his critical reading of the manuscript. I am also 
indebted to Dr. John C. Neess and Dr. J. Roger 
Bray for statistical advice and thoughtful discussions, 
to Dr. J. J. Hickey for reading the manuscript and 
for his helpful suggestions, and to C. D. Besadny, 

J. Gromme, J. L. Diedrich, W. J. Lillesand, Rev. 
George Henseler, Alvin Peterson, Harold Schick, 
and Dr. J. W. Thomson for help in various phases 
of the study. The numerous botanists who added 
data to the files of the Ecology Laboratory of the 
University of Wisconsin Botany Department con- 
tributed immeasurably, Deep appreciation is due 
my wife, Reva S. Bond, for her constant encourage- 
ment and material assistance. This work was sup- 
ported in part by the National Science Foundation 
and by the Research Committee of the Graduate 
School of the University of Wisconsin from funds 
supplied by the Wisconsin Alumni Research Foun- 
dation. 


THE STUDY AREA 
DESCRIPTION OF THE REGION 

The study area lies in the broad ecotone between 
grassland and deciduous forest. It is southwest of 
the “tension zone” separating the southern hardwoods 
and prairies from the northern hardwood-conifer 
forests. Before settlement, the vegetation consisted 
of seattered prairie, oak openings maintained by fire, 
and deciduous forest of varying composition. Since 
the cessation of fires after settlement a great many 


of the oak openings have grown into closed oak 
woods. At the present time most of the area is under 


cultivation and only more or less isolated pockets of 
woods remain, varying in size from a few to several 
hundred acres. On the drier sites, such as sandy 
soils or hilltops, small oaks are the dominant forest 
Vegetation. With improvement of moisture condi- 
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species appear and the forest becomes 
more dense. On the most mesi¢ sites sugar maple, 
basswood, and other species of similar requirements 
Individual stands are related to each other 
as a continuous vegetational series. Few virgin tracts 
remain, but there are many woods that have not 
been disturbed for a half century or more. The 
climate, topography, and vegetation of the area have 
been described by Curtis & MeIntosh (1951). 


tions, other 


oceur. 


SELECTION AND LOCATION OF THE STANDS 

In the phytosociological study of more than 200 
upland forest stands in southern Wisconsin by Curtis 
& McIntosh (1951) and subsequent workers, the eri- 
teria used for the selection of the stands were: (1) 
that they be natural forests of at least 15 acres, 
preferably more; (2) that they be free from disturb- 
anees such as fires, grazing, or extensive or recent 
cutting; (3) that they be on upland sites where run- 
off waters do not accumulate. Homogeneity was an 
additional requirement (Curtis & MelIntosh 1951: 
481). These characteristics insure a relatively stand- 
ard base on which comparative studies of species 
distribution can be made, whether the organisms 
studied be plants or birds. In selecting stands for 
bird population studies, additional requirements 
were: (4) an absence of conifers from the stands; 
(5) continuity and compactness of the stand to mini- 
mize the amount of edge. 

Sixty-four stands meeting the above criteria were 
selected at well-distributed points along the phyto- 


sociological gradient, with several sizes of woods 
represented in each portion of the continuum. When- 


ever possible, stands which had 
studied phytosociologically were selected for the 
study of their breeding bird populations and data 
regarding their vegetation were taken from files 


been previously 


0 








Fig. 1. 
studied. 
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the Ecology Laboratory of the University of Wiscon- 
sin Botany Department. For those portions of the 
vegetational gradient or size classes of stands in 
which previously studied stands were not available, 
I located new stands on the basis of the above criteria 
and determined the vegetational composition, using 
the random pairs method for 40 pairs of trees (Cot- 
tam & Curtis 1949). The locations of the stands 
studied are shown in Fig. 1. 


CHARACTERISTICS OF THE STANDS 
Since the early work of Lack (1933) and Moreau 
(1934) it has been repeatedly observed that the 
physical appearance of the habitat is of great impor- 
tance in the distribution of birds (Miller 1942, Ken- 
deigh 1945). The objective of this section is to 
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describe, quantitatively as much as possible, some 
of the physical aspects of the forests of southern 
Wisconsin which may be significant in the habitat 
preference of birds and to show how these aspects 
vary within the framework used in the present study 
to describe bird distribution. This provides a back- 
ground for the interpretation of the habitat distriby- 
tion of the birds in this study and may make the 
results of this and similar studies more meaningful 
in the light of later investigations on the habitat se- 
lection mechanisms of individual species. Represen- 
tative stands are pictured in Fig. 2. 

To express clearly the trends in populations of 
individual bird species without having to calculate a 
moving average, the vegetational gradient was arbi- 
trarily divided into five intervals of equal span (see 








Fig. 2. Photographs of representative stands. 











row, left to right: Stands CI = 620, 798; mid- 
dle row: Stands CI = 1192, 1633; lower row: Stands CI = 2127, 2518. 
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Fig. 3. Importance values of selected tree species 
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averaged for each continuum interval. 
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Qa, Quercus 


alba; As, Acer saccharum; Qv, Quercus velutina, Qr, Quercus rubra; Qm, Quercus macrocarpa; Uf, Ulmus 


fulva; F, Fraxinus americana; Co, Carya ovata; re, 


Populus grandidentata; Ua, Ulmus americana; Ps, 


Prunus serotina; Ta, Tilia americana; Ov, Ostrya virginiana; Ce, Carya cordiformis; Je, Juglans cinerea; 


Jn, Juglans nigra. 


below) and each stand placed in the proper interval 
according to its CI. For the treatment of the various 
characteristics of the vegetation a similar division 
was used. 

The floral composition of a stand, providing the 
basis for its placement in the linear series used in 
this study, directly or indirectly determines many of 
the physical characteristics which affect bird distri- 
bution and abundance. Fig. 3 shows the vegetational 
changes occurring in this series by averaging, for 
each tree species, the importance values of that spe- 
cies in all the stands within each continuum inter- 
val.2 It may be noted that each species has a 
characteristic and unique trend along the phytoso- 
ciological gradient. 


TABLE 1. Averages per continuum interval of the 
mean distance between trees in a stand. 





Average distance Difference between 


| 
Continuum | between trees extreme stand 
interval (feet) averages 
540- 970... .| 19.4 | je2 
970-1400... | 18.5 | 7.4 
1400-1830... .| 18.8 | 5.8 
1830-2260... . | 18.4 5.0 
2260-2690... .| 18.1 4.0 


Although no measurements of tree heights were 
made, general observations indicated that the trees 
in the mesic half of the gradient were somewhat 
higher than those of the more xeric half. Determina- 
tions of the average distance between each pair of 
the 40 pairs of trees sampled within a stand and an 
averaging of these values for each continuum inter- 
val showed a slight trend toward wider spacing of 
trees in the more pioneer woods, at least in this group 
of stands (Table 1). There were on the average 16% 


Original data showing the composition of individual stands 
— on file in the Ecology Laboratory of the University of Wis- 
Onsin Botany Department and summaries are available from 
the author, 


more trees per acre in the most mesie continuum 
interval than in the most xeric interval (Fig. 4-A). 
Table 1 also shows that there is a greater variability 
in inter-tree distances among stands in the more pio- 
neer than in the more climax portions of this con- 
tinuum of stands. 

Canopy density was measured by walking through 
the woods and stopping every 25 paces or so. An 
estimation was made of the per cent of the sky that 
could be seen immediately overhead in an imaginary 
circle with about a 50-ft radius. This procedure 
was repeated at least 10 times in each woods and an 
average per cent canopy determined for each woods. 
From these an average for each continuum interval 
was caleulated. The results (Fig. 4-B) show that 
there is a gradual increase in canopy coverage toward 
the mesic end of this series of stands. While this is 
in line with the tendency for the trees to be slightly 
farther apart in the xeric stands, such a difference 
in canopy density is caused less by the spacing of 
the trees than by the nature of the canopy. Differ- 
ences in tree configuration and branching pattern 
result in less overlap of the canopies of adjacent 
trees in oak woods than in maple woods. Further, in 
the more mesic woods there is usually a rather defi- 
nite lower limit to the upper canopy at 20 ft or 
more; the concentration of leaves near the tops of 
the trees effectively excludes much light from the 
forest interior. In the more xeric woods, on the 
other hand, there is a tendency for lower branching 
of the trees so that it is difficult at times to deter- 
mine at what height the canopy begins; the diffuse 
nature of the canopy permits greater light penetra- 
tion. 

Differences in the contour and arangements of the 
leaves of the different tree species not only affect 
canopy density but also provide different physical 
aspects to the avifauna. For example, black oak, 
red oak, and sugar maple leaves, because of their out- 
lines, cast increasing amounts of shade; they also 
provide different areas for feeding and different de- 
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acre. D. Sum of frequencies of shrub species. 


grees of sturdiness for the birds. There is a tendency 
for the leaves of oak trees to be more clustered, with 
larger intervening open spaces, than leaves of maples. 
There are also differences in twig size in the various 
species of trees, the more xeric oaks having thicker 
twigs than some of the more mesic species, thus 
offering greater support for perching, feeding and 
nesting. 

The sapling, or intermediate, layer is important in 
bird distribution particularly as a site for nests, song 
perches, or feeding zones for certain species. The 
presence of an intermediate layer also gives a unique 
aspect to the woods which may be important not only 
to those birds which utilize this stratum directly, but 
also as a psychological factor to those species which 
carry on most of their activities in another stratum 
(Lack 1937a). Saplings were counted as follows: 
when the distance between each pair of trees was 
measured, the investigator would walk between the 
two trees with his arms outstretched, counting all 
saplings (young trees 1-4 inches DBH) in that 
transect. The product of the distance from fingertip 
to fingertip and the total distance between the pairs 
of trees was converted to acreage, and the number of 
saplings per acre computed. 

The density of saplings increased, on the average, 
almost threefold from the xeric to the mesic end of 
this continuum of stands (Fig. 4-C). Improved mois- 
ture conditions and the inerease in shade tolerance 
of the tree species that were present in the under- 
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Canopy and understory measurements averaged for each continuum interval. A. Average num- 
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Average number of saplings per 


story were important factors in this inerease. The 
presence of so many saplings in the mesie and inter- 
mediate stands gave these stands the appearance of 
having a more definite intermediate layer than the 
more xeric stands. There was a tendency, however, 
for the intermediate story at head height to be denser 
in appearance in the stands in the intermediate por- 
tion of this gradient due to the more extensive 
branching of the saplings, the greater variety of sap- 
ling species, and the higher frequency of sapling- 
like shrub species (e.g., Cornus spp., Viburnum spp.) 
in the intermediate stands (Fig. 2). 

Because of the difficulty in estimating or measur- 
ing cover provided by shrubs and the subjectivity 
often involved even in counting stems, no measure- 
ments of shrub density were made. However, in 
earlier phytosociological studies of many of the 
stands, the frequency of herbs and shrubs had been 
determined by the use of 20 one-quarter milacre 
quadrats per stand, placed at half of the random 
points. Part of this information is available in the 
files of the Ecology Laboratory and part in Whit- 
ford (1948). Summation of the frequencies of the 
shrubby species gives a relative measure of the shrub 
density which is sufficient for comparative purposes. 
Shrubs included those species which have woody 
stems yet do not become trees. The following species 
were included in the calculations (asterisks indicate 
the most common species): Amorpha canescens, 
Ceanothus americana, *Celastrus scandens, Cornus 
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alternifolia, C. femina, C. canadensis, C. rugosa, 
*Corylus americanus, Diervilla lonicera, Dirca palu- 
stris, Hamamelis virginiana, Ilex verticillata, Juni- 
perus virginiana, Lonicera dioica, L. canadensis, *L. 
prolifera, Menispermum Physocarpus 
opulifolius, Pyrus coronaria, Rhus glabra, *R. radi- 
cans, Sambucus canadensis, Staphylea trifolia, Vac- 
cinium angustifolium, and species of *Ribes, *Rubus, 
Rosa, Smilax, “Viburnum, and *Vitis. Parthenocis- 
sus inserta was omitted from the calculations because 
of its herbaceous appearance on the forest floor, al- 
though its inclusion or exelusion did not affect the 
trend along the phytosociological gradient exhibited 
by shrubs as a whole. 

Figure 4-D shows the average per continuum in- 
terval of the sum of frequencies of shrubs for each 
stand for which information was available. In the 
most xeric stands there was a fairly large amount of 
shrubbery, but the real peak in shrub frequency was 
in the second continuum interval. In some stands in 
this interval thickets of head-height blackberries were 
almost impenetrable. Shrubs were sparse in the 
more mesi¢ stands, their average sum of frequencies 
being about one-sixth of the peak. If data had been 
available on more stands in the most xerie continuum 
interval the average sum of frequencies for that in- 
terval would probably have been somewhat less than 
Figure 4-D shows, and the peak in the second and 
third intervals would have been even more _pro- 
nounced. 

Any consideration of the shrub layer should also 
include seedlings of tree species. Birds probably 
react to the layer as a whole, disregarding differences 
between shrubs and small trees (except when the 
shrubs become thicket-like, a situation which usually 
does not obtain with small trees in these woods). 
However, addition of the sums of frequencies of 
larger seedlings to the sums of frequencies of shrubs 
did not appreciably change the trend of the “shrub 
understory” as shown by Figure 4-D. 

Aspects of the forest floor were not measured. 
However, there are certain attributes which might 
be of some importance in the distribution of breeding 
birds. There is a tendeney toward greater barrenness 
of the forest floor in the more mesic stands because 
of a greater rate of humification. Randall (1952), 
in his study of the life history characteristics of 
plants in this same continuum of stands, found sev- 
eral trends which would affect the aspect of the 
forest and, probably, bird distribution. In more 
mesic forests, with their low light and abundant 
moisture, many species of plants blossom prior to the 
appearance of the forest canopy and subsequently 
become inconspicuous. A majority of the plants are 
of small stature, many of them acaulescent or reclin- 
ing. There is a tendency for the leaves of the herbs 
to be larger and thinner than leaves in more pioneer 
communities. All these characters contribute to the 
more open appearance of the forest floor in more 
mesie stands. 

In the more pioneer communities, Randall found 
that taller plants occur, with their leaves arranged 
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above each other for a considerable distance along 
the stem. Pioneer vegetation tends to have smaller 
and thicker leaves, and the forest floor is more 
densely covered. Leaf litter is more abundant on 
the forest floor of the more xeric stands. The pres- 
ence of fleshy fruits as a mechanism for seed dis- 
persal is a pioneer characteristic which is probably 
important in bird distribution. 

Between these two extremes are stands exhibiting 
various degrees of these characteristics as well as 
certain characteristics of the herbs which reach their 
greatest development in intermediate stands (Randall 
1952). 


METHODS USED IN THE STUDY 

In censuses of breeding birds, the only reliable 
method is to locate every pair of birds. In the 
United States, especially, the spot-map method (Wil- 
liams 1936) has been used for this purpose and is 
the accepted procedure by most census takers (Ken- 
deigh 1944, Audubon breeding bird censuses, vide 
Aud. Field Notes 4: 185). Relatively little is known 
of its accuracy, however, although various estimates 
have been made. For example, after a complete 
study of an area, Edeburn (1947) showed that count- 
ing the singing males alone would have missed 17% 
of the population. There has been criticism of the 
use of singing males to represent pairs on the basis 
that many singing males are unmated. Unmated 
males amounted to 9% of a House Wren (Troglo- 
dytes aédon)*® population in a study by Kendeigh 
(1944) and an average in June of 16% of the males 
in a Song Sparrow (Melospiza melodia) population 
studied by Nice (1937). Price (1935) found the un- 
mated males as high as 50% of the total population 
of willow-warblers (Phylloscopus trochilus). Polyg- 
any and shifts of territory add other uncertainties. 
Another possible error, not emphasized enough in 
the literature, is the occasional subjectivity involved 
in the determination of the number of territories 
(for example, whether a scattered cluster of records 
is to be considered one or more territories) or in the 
determination of the breeding status of some indi- 
viduals recorded but once or twice. Despite these 
limitations, however, the spot-map method is one of 
the most accurate yet devised. 

There are times when the use of a method which 
requires so much time or as many trips to an area as 
the above is not practical and the use of other, less 
time-consuming, methods is indicated. There have 
been numerous attempts to determine the relative 
abundance of birds: number per unit of time (Grin- 
nell & Storer 1924), frequency of occurrence (Lins- 
dale 1928, Dice 1930), relative density (Lack 1933, 
Stewart 1943). Work in relative abundance is based 
on the assumption that the more abundant species 
will appear more frequently in samples than the 
less abundant species. The most obvious source of 
error in this method is the difference in conspicuous- 
ness of species. Attempts to overcome this difficulty 


8 The scientific names of birds used in this paper follow the 
American Ornithologists’ Union Check-list of North American 
Birds, 4th edition (1931), and supplements thereto. 
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by ascertaining an index of relative conspicuousness 
have been made by Colquhoun (1940, 1941) and Ken- 
deigh (1944). A more thorough literature review and 
diseussion are given by Kendeigh (1944). 

While it is desirable under some cireumstances to 
get population data which are as complete as pos- 
sible, “in many ecological investigations the [relative 
abundance] forms the essential data, in which case 
the labor of a complete census may be more usefully 
directed to other ends” (Lack 1937b). For as Nichol- 
son (1932) has pointed out, “Precise accuracy may 
sometimes be obtainable, but is not necessarily worth 
attaining. It must be understood that for any ordi- 
nary area bird population is not a fixed quantity, 
but something fluctuating slightly from day to day 
or from hour to hour, through wandering, casualties 
and other factors.” Because each stand provides the 
bird population with a unique situation, and because 
of the consequent interstand variations, it was deemed 
more desirable in the present study to sample many 
woods with less time in each stand than to obtain 
more detailed information on only a few stands. 
Palmgren (1930) presented the ease for this view- 
point. For comparing a large series of stands, a 
relative index is as valuable as an “absolute” measure. 
In order to gain a comparative picture of as many 
woods of southern Wisconsin as possible, the sample 
count method was adopted. 


DESCRIPTION OF THE SAMPLE Count MeTHop 


Each woods was visited twice during the breeding 
season, both visits occurring after the arrival of the 
resident birds. The first visit was made between May 
20 and June 14; the second, between June 8 and 
July 4. The visits always occurred between daylight 
and 8:00 a.m. No counts were made during or after 
a high wind (see Colquhoun 1940) or during a rain. 
Customarily two woods were visited each morning, 
but if they were close enough geographically, three 
could occasionally be sampled. The order of sam- 
pling the woods covered on one day was reversed on 
the second trip. 

The sample count was made by entering the woods 
to a distance of about 50 yds, then standing for a 
period of 5 minutes, counting and recording all birds 
seen and/or heard beside or ahead of me. Then fol- 
lowed a period of slow walking for 5 minutes (aver- 
aging 150-175 yds), with subsequent alternate 5- 
minute periods of standing and walking continued 
until the woods was covered or until a total of 5 
standing periods and 5 walking periods was reached. 
It was quickly found that the standing periods were 
necessary, for some birds were being overlooked with 
continuous walking. Dambach & Good (1940) used 
a similar method, except that there was a definite 
distance between stops. Emlen (MS) used ten 10- 
minute periods in sampling Southern Rhodesian bird 
populations. 

In the recording notebook, a separate column was 
kept for each 5-minute period, and the birds first 
seen or heard during that period were recorded in 
the proper column. However, in the ease of a bird 


Ecological Monographs 

Vol. 27, No. 4 
heard ahead of me, recording was delayed until that 
period when I was nearest the location of the bird. 
Each pair of periods (5 minutes of standing plus the 
subsequent 5 minutes of walking) was later consid- 
ered a “sample segment” in the determination of 
frequency (see below). After the two visits were 
made to a woods, the larger number of individuals 
per species was taken as the local population for 
that species. This is like the cruise method of Faw- 
ver (1950) and the methods used by Palmgren (1930) 
and Soveri (1940). Any time spent in the examina- 
tion of a doubtful bird was deducted from the period 
in question and during this time no other birds were 
recorded. Of course, an attempt was made not to 
count the same bird twice. All individuals seen or 
heard were recorded. The edge was avoided so that 
usually no birds within about 40-50 yds of the edge 
were counted. 


DIscussION OF THE SAMPLE Count METHOD 

To check the effectiveness of the sample count 
method three woods with diverse CIs (and in which 
the sample count was being used) were selected for 
spot-map censusing. Colored stakes were erected at 
148-ft intervals (pacing) and maps of each area were 
prepared on which the birds were recorded on each 
of several trips. Territories were outlined as de- 
seribed by Williams (1936) and the number of birds 
in the census area determined. In these three woods 
the outside boundary of the spot-map census area 
became the outside boundary for the sample count 
method, thus making it possible to compare directly 
the results of the two methods. 

Descriptions of the woods follow: 


Chicago Woods, Rock County. CI = 839. Size of woods, 
53 aeres. Size of census plot, 14 acres. Composition: 
Quercus velutina 48%, Quercus alba 18%, Prunus 
serotina 11%, Quercus macrocarpa 8%, Carya ovata 
7%, Robinia Pseudo-Acacia 3%, Ulmus rubra 3%. 
Stand somewhat constricted in middle with a second 
growth area outside the census area. Upper two- 
thirds of census area of shorter oaks (ca. 40 ft) with 
many black locusts in understory, connected by slope 
to lower one-third with taller oaks and dense black- 
berries. Dates of trips for spot-map census: April 25, 
May 16, June 7, 11, July 1, 21, 1954. Dates of sample 
counts: June 7, July 1, 1954. 

Paoli Woods, Dane County. CI = 1115. Size of woods, 
40 aeres. Size of census plot, 12 acres. Composition: 
Quercus alba 67%, Quercus velutina 15%, Carya ovata 
6%, Amelanchier sp. 4%, Quercus rubra 3%, Prunus 
serotina 3%. About half this woods was logged about 
2 years before census, which portion was not included 
in census. Trees not tall, especially on slight ridge 
through census area. Shrubs, especially blackberries, 
dense in about one-third of census area. Dates of 
trips for spot-map census: April 22, May 13, 24, June 
2,11, 21, July 5, 1953. Dates of sample counts: May 
24, June 8, 1953. 

Young’s Woods, Columbia County. CI = 1897. Size of 
woods, 89 acres. Size of census plot, 18 acres. Com- 
position: Tilia americana 29%, Ostrya virginiana 
19%, Quercus alba 14%, Carya ovata 10%, Quercus 
rubra 10%, Acer rubrum 5%, Ulmus americana 4%, 
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Comparison of two census methods in three woods in southern Wisconsin. 





Cuicaco Woops, CI =839 


Paoitt Woops, CI=1115 Youna’s Woops, CI=1897 
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Spot- count 
map _ (indi- 
(pairs) viduals) 
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map count 


Spot- 
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Sample 

| Spot- count 
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Ulmus rubra 4%, Acer negundo 3%. Stand isolated 
in a large prairie area. Dry stream bed through cen- 
sus area. Shrubs few, intermediate story heavy, trees 
tall. Dates of trips for spot-map census: May 4, 15, 
25, June 4, 12, 18, 19, July 1, 7, 1953. Dates of sam- 
ple counts: May 25, June 12, 1953. 


The results of both methods are tabulated in Table 
2. Using the spot-map census, even with its short- 
comings, as the —. the sample count gave re- 
sults which were 76%, 78%, and 70%, respectively, 
of the number of individuals (twice the number of 
pairs) obtained by the spot-map method. These are 
similar to and intermediate between the results ob- 
tained by Palmgren (1930) and Kendeigh (1944). 
They found that the population as determined by two 
trips to the census area was 81% and 63%, respec- 
tively, of the total population as determined by a 
more complete enumeration. Nordberg (1947), on 
the other hand, found that two linear strip counts of 
an area gave 87% of the total population of the area. 
If the results of my sample counts were increased in 
those species in which the females were known not to 
be well sampled because of failure to sing (e.g., the 


vireos), the sample counts would then represent 
about the same percentages of the totai populations 
as did the two counts of Palmgren and Nordberg. It 
is noteworthy that Palmgren placed a great deal of 
reliance upon one or two trips to a woods during the 
breeding season, increasing the figures obtained on 
two trips by 25% to show the total population. 

In addition to stating the results of a count 
terms of density (number per unit of area), it is 
possible to express them as relative density (the 
density of each species as a percentage of the total 
density of all species). This method has been used 
by Lack (1933) and others. Such a method is very 
useful if the sample count is to be used for compara- 
tive purposes; it expresses the relative importance 
of a species in a community. From the viewpoint of 
the present study, the demonstration of a close cor- 
respondence between the relative density derived 
from the spot-map and the sample count methods is 
important. Table 2 shows this similarity. The larg- 
est difference is 3.6 for the Wood Pewee (Contopus 
virens) in Paoli Woods (15.4 vs. 11.8). Nordberg 
(1947) also found the relative densities as deter- 


in 
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mined by two linear strip counts and a sample area 
census to be very similar, although he had differences 
in relative densities as great as 5.0 (8.9 vs. 3.9). It 
can be seen, then, that the sample count method pro- 
vides relative density values that are very close to 
those derived by the spot-map method, with much 
less expenditure of time. 

One of the major sources of error in the use of the 
sample count method as early as May 20 is the pos- 
sible occurrence of migrant individuals of resident 
species, although the lateness of that date would limit 
the number involved. This error can be reduced in 
practice by cautious observation and recording of 
those species in which the behavior on the census 
area or other areas in the region indicates migratory 
activities. Notation of such activity led, in a few 
instances, to the use of the results of the second trip 
as the population figure for the species, even though 
the first count was higher. The use of a large num- 
ber of stands in the present study would tend to re- 
duce the importance of isolated errors in a few of the 
stands due to the presence of migrants. The over-all 
trend of individual species of birds along the vege- 
tational gradient would be either obscured or en- 
hanced by the presence of migrants in a few stands; 
it is hardly conceivable that the trend would be re- 
versed. 

The occurrence of migrants as a significant distort- 
ing factor can be tested by comparing the first sample 
count with the second. If a considerable number of 
migrants of a particular species were included in the 
count, these would make the first count higher than 
the second. Comparison of the difference between 
these two counts for each of several species for the 
whole series of stands (using only those stands in 
which the species oceurred and in which the first count 
was made prior to June 10) showed no significant 
difference between the first and second counts. For 
example, the most obvious difference occurred in the 


TABLE 3. Comparison of first sample count (if taken 
before June 10) and second sample count for the Ameri- 
ean Redstart. 














| 
| First | Second | | First | Second 
CI | count count || CI count | count 
550. .. ‘See > ae ae 1 
916. | 0 1 1624......| 7 10 
978. . , ee 0 1665......| 9 6 
1006. . | 4 2 oe..... 1 0 
1109*. 3 0 2......1 © 1 
1115. | Let ee ee 0 
1172. | 1 2 | 6 0 
1216. ig | (9° oae.....1 3 1 
1278. Een .lU 0 
1313*. Te. — . eae 0 
1336. .. | Ll Ba... .-d- 2 0 
454.000...:] al | 13) |] 2875.05 1) O 2 
1540... ee eee ae, ee a 4 
1582. . 8 | 9 || 2680. 2 3 
1598. rae psec 
1618. . oe ee Total....| 78 | 70 














*Includes known migrants in first count which were omitted in stand summary 
(Table 4) but which are included here to maximize differences. 
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Redstart (Setophaga ruticilla), as shown in Table 3. 
The difference is not significant (using the t-test, 
Snedecor 1946). It can be seen in this species that 
the same trend of abundance along the continuum is 
evident from both counts, despite the presence of 
probable migrants in the first count. 

The presence of a few wandering individuals of 
some species around and after July 1 may result in 
distorted breeding density figures. However, only a 
few woods were censused that late, and the presence 
of these wanderers would, as with the late migrants, 
have little effect on the determination of the over-all 
trend of the species along the phytosociological gra- 
dient. Further, such irregularities in breeding status 
are not necessarily irregularities in habitat prefer- 
ence. The difference in conspicuousness of species 
would affect the total or relative density slighty, but 
Table 2 shows this effect to be small. Further, the 
conspicuousness of a species should be approximately 
the same regardless of the type of woods so that any 
conclusions regarding the trend of the species along 
the vegetational gradient should be unaffected. 

In summary, then, all census methods have their 
limitations. A census which proposes to count all 
the birds, such as the spot-map census, gives detailed 
information on a limited area, but requires a great 
deal of time and has certain inherent inaccuracies as 
yet unassessed. A sample or relative abundance 
count gives figures which admittedly may not give 
the absolute number of individuals present, but which 
may be quite accurate as an index of avifaunal com- 
position. In a study such as the present one, where 
it is desirable to study many stands, an “absolute” 
count could provide an index on but a few stands, 
whereas a sample count is more representative and 
provides an index of abundance which is comparable 
from stand to stand. The fact that this index may 
be expressed in terms of frequency or per cent and 
not individuals does not detract from its value for 
comparative purposes. 


TREATMENT OF Data 
The density and importance value of each bird 
species encountered in the 64 stands that were studied 
are shown in Table 4. 
To facilitate the handling of data, the vegetational 


gradient, ranging from Stand CI = 550 to Stand 
CI = 2680 was arbitrarily divided into 5 intervals 


of equal CI span. In the selection of the number and 
size of the intervals, a number of factors must be 
considered: “The ideal interval size . . . is one which 
includes a sufficient number of stands to render the 
average values fairly reliable. At the same time the 
environmental range included within any interval 
should not be so broad that important changes in the 
importance of a species within that interval are ob- 
secured. The number of intervals must be sufficiently 
large that the plotting of curves is facilitated. If 
these requirements are met the resulting curve should 
demonstrate any trend, provided one exists, without 
the necessity of applying moving averages” (Randall 
1952). The strong response of some bird species to 
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Bird community composition in 64 stands in southern Wisconsin.* 
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TABLE 4, (Continued) 
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woods size (see below) necessitates, in addition, a 
good distribution of different sized woods within each 
continuum interval. 

The effect of changing the number of intervals is 
demonstrated for two bird species in Fig. 5. These 
species being only fairly common and very sensitive 
to woods size, the greater variation in the smaller 
intervals is caused not only by interstand fluctuations 
but also by the unequal distribution of woods size 
in the different-sized intervals. Other more common 
species with a less marked response to woods size 
show less variation with changing interval size. It 


number of 
terval x in which species A occurs 


Frequency of 
species A = 
in interval « 


Each 5-minute period of standing plus the subse- 
quent 5-minute walking period was designated as a 
sample segment, so that for each woods (stand) there 
were 5 sample segments, each of approximately 214- 
3 acres. Further, each woods was censused twice, so 
that occurrence in a total of 10 sample segments was 
possible for a species in a woods. In the smaller 


Importance Value 
of species A 
in stand § 


relative density 
of species A + 
in stand § 
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appears that while the precise point of peaking may 
be influenced by a change in interval size, there is 
little effect on the trend of the species along the vege- 
tational gradient. Consequently, 5 continuum inter- 
vals not only meet the above requirements but also 
provide a good picture of the response of the species 
to changes along the gradient. Gilbert & Curtis 
(1953) used the same number of intervals in their 
studies of herbs along the same gradient. 
To determine the trend of each species along the 
continuum its average frequency per continuum in- 
terval was determined: 


sample segments in in- 


meatal * x 100 


total number of sample segments 
censused in interval x 


woods there were fewer sample segments. There were 
totals of 116, 133, 114, 146 and 103 sample segments, 
respectively, in the 5 continuum intervals. 

The relative importance of each species in each 
stand was determined by the ealeulation of its im- 
portance value, a method similar to that used by Cur- 
tis & McIntosh (1951): 
relative frequency 

of species A 

in stand S 


Stand density of — larger number per trip (of two 


species A 


trips) of species A 


stand density of species A 


Relative density 
of species A 
in stand S 


in ste S 
in stand ~ 100 


total stand density of all 
species in stand S 


maximum number of sample segments per trip 


Frequency of 


in stand § in which species A occurs 


x 100 





species A = 
in stand § 


Relative frequency 


maximum number of sample segments examined 
per trip in stand § 


frequency of species A in stand 8 
a J cee Ka 


of species A = sum of frequencies for all species 


in stand § 


For the determination of the trends in community 
importance of a species along the vegetational gra- 
dient, the average importance value within each of 
the 5 continuum intervals was caleulated for that 
species. The 1952 censuses were not used in the de- 
termination of the average importance value per 
interval since birds preconceived as “forest-edge”’ 
species were not counted during the first year of the 
study. 

In the case of some of the more uncommon species, 
presence was used for the determination of the trend 
of the species along this continuum. Presence of a 
species is defined as the per cent of the stands in a 
continuum interval in which the species oceurs. 


in stand § 


RESULTS AND DISCUSSION 


INDIVIDUAL SPECIES AND THE VEGETATIONAL 
GRADIENT 

For convenience of discussion, the species are ar- 
ranged into categories according to the mode of their 
response to the vegetational gradient. The categories 
do not represent natural units nor are they well de- 
mareated. Rather, they are similar in scope and in- 
tent to the commodia of Whittaker (1956). 

SPECIES MOST COMMON IN MESIC STANDS 
The Cerulean Warbler (Dendroica cerulea), near 
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the edge of its range in this region, was strikingly 
more common with increasing mesic conditions (Fig. 
6), even though it was rather local in its distribution, 
being absent from several of the more climax stands 
which would seem to provide adequate conditions 


(Table 4). Fawver (1950) considered this bird to 
be a part of “a rather distinctive [flood-plain] facia- 
tion” of the deciduous forest and other workers 
(Trautman 1940; Rathbun, quoted by Bent 1953) 
have considered it primarily a bottomland forest 
dweller. Observations by Jones (1904), Schorger 
(1927) and others and the occurrence of the Cerulean 
Warbler on so many upland sites in the present study 
show that it should not be considered a strictly bot- 
tomland bird. When the relations between upland 
and bottomland continua in Wisconsin are estab- 
lished, a further study of this species will be re- 
warding. 

The Red-eyed Vireo (Vireo olivaceus) showed a 
sharp increase in abundance and importance with 
increasing climaxness of the vegetation (Fig. 6). The 
occurrence of this species as at least a fa‘rly common 
one in 63 of the 64 stands of the study showed that 
its amplitude of tolerance is broad, covering the 
entire gradient being studied. The ubiquity and 
commonness of the Red-eyed Vireo in the deciduous 
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forest have been repeatedly observed (Kendeigh 1944, 
1948), yet the present and other (Saunders 1936) 
studies show a preference by it for more mesic stands 
within the deciduous forest. 

While the Acadian Flycatcher (Hmpidonax vires- 
cens) was fairly local in its distribution in this 
study. it occurred in all parts of the study area, even 
well beyond the previously recorded northern limits 
of the species. One of the best measures of distribu- 
tion for an uncommon species such as this is presence, 
which strikingly indicates a rather narrow ecological 
preference by this species for more mesic stands 
(Fig. 6). Although the Acadian Flycatcher has been 
well known as a flood-plain forest species (Fawver 
1950), it is by no means limited to such a situation, 
as the present study demonstrates. 

The Hairy Woodpecker (Dendrocopos 
though never common throughout this continuum of 
stands, is about 3 times more common in the most 
mesic continuum interval than in the most xeric con- 
tinuum interval (Fig. 6). This quantitates for this 
region the observations elsewhere that the Hairy 
Woodpecker prefers denser woods (Forbush 1927, 
Todd 1940, Saunders 1936). Sutton (1928) found 
it much more common in swamps than in the more 
xeric upland woods in the Pymatuning Reservoir 
area in Pennsylvania. Possibly a continuation of the 
present study into the bottom lands of Wisconsin 
would show a similar pattern of distribution. 

The Ovenbird (Seiurus aurocapillus) is more than 
twice as common and important in the more climax 
as in the more pioneer stands (Fig. 6). The irregu- 
lar peak in the second continuum interval appears to 
be related to stand size and does not detract signifi- 
cantly from the linear relationship between Ovenbird 
density and relative climaxness of the stands. 

The Red-bellied Woodpecker (Centurus carolinus) 
was more abundant in the mesic three-fifths than in 
the xeric two-fifths of this vegetational gradient, with 
apparent peaks in the third and fifth continuum in- 
tervals (Fig. 6A). However, this species is not uni- 
formly distributed over the study area. Peterson 
(1951) found that its breeding distribution in Wis- 
consin is largely limited to the southern hardwoods 
section of the state, and that breeding records are 
most common in the western half of this area. Sev- 
eral stands in the present study—for example, those 
in Fond du Lae County—are near or beyond the 
northeastern limits of this species in the state. Con- 
sequently, woods north of an arbitrary line drawn 
from just north of Milwaukee, where there are breed- 
ing records, to the bend of the Wiseonsin River in 
Columbia County, south of which there are numerous 
breeding records, were excluded from consideration. 
It is not claimed that this woodpecker does not breed 
north of this line, for there is one record in Waupaca 
County (Peterson 1951), but they are sufficiently 
uncommon and local that the woods north of this line 
do not have the same chance of having Red-bellied 
Woodpeckers as the woods south of this line. Re- 
calculation of the frequency and importance of this 
woodpecker omitting these woods showed definitely 
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that it was a bird of the more mesic forest in this 
Apparently the low abun- 


continuum 


(Fig. 6B). 


dance in the fourth interval was due to the rarity of 
the bird in an area, not to its absence from certain 





























stands because they were vegetationally or physically 


unsuitable. 


It has been repeatedly observed in Wis- 


consin that the Red-bellied Woodpecker is partial to 


bottomlands 


(Kumlien & Hollister 1951, Peterson 
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1951), the latter author noting that it is “rare in up- 
land hardwoods.” The further study of this species 
when the relation between upland and bottomland 
hardwoods in this area is known will be of interest. 
On the basis of present information, it would appear 
that the optimum habitat for this species is the bot- 
tomland, but that it “spills over” into the more mesic 
upland stands. 

Among the less abundant species, the Ruby-throated 
Hummingbird, (Archilochus colubris), Veery (Hylo- 
cichla fuscescens), Pileated Woodpecker (Drycopus 
pileatus) and Cooper’s Hawk (Accipiter cooperii) 
appear to be more common in the mesic half of this 
gradient (Table 4), although more extensive studies 
are necessary to establish with certainty the distribu- 
tion of these species. 

Habitat selection mechanisms, though not a_pri- 
mary aim of this study, must be understood before 
the problems of avian distribution are solved. Yet, 
as Kendeigh (1945) has noted, “In analyzing the 
factors involved in community selection by birds, the 
difficulty is experienced that much of the evidence is 
intangible, obscure, inferential, and not subject to 
experimental proof at the present time.” The pres- 
ent study provides some of this type of evidence, 
which will be mentioned here and treated more fully 
in a later paper. 

The factors of increasing canopy density and shade 
conditions, increasing moisture, increasing sapling 
density, and decreasing density of the undergrowth 
parallel the abundance of the above avian species 
along the vegetational gradient. While this is not 
direct evidence for the importance of these factors in 
habitat selection by these birds, it is suggestive for 
further thought and study. Shade, for example, has 
been suggested as being significant in the distribution 
of the Red-eyed Vireo (Sutton 1949, Lawrence 1953) 


and the Ovenbird (Peterson 1942, Fawver 1950). 
Kendeigh (1945) and Johnston (1947) have sug- 


gested the possibility of finding differences in eye 
structure of forest and non-forest birds to account 
for their differential response to light conditions. 
The importance in habitat selection of moisture con- 
ditions in the canopy (Cerulean Warbler) and on the 
forest floor (Ovenbird) need to be investigated both 
in the field and experimentally in view of the finding 
by Shelford & Martin (1946) of the “selection” of a 
narrow relative humidity range by Pheasant (Phasi- 
anus colchicus) chicks. That the density of the 
undergrowth may be important as a psychological 
factor in habitat selection is suggested for the Ceru- 
lean Warbler by observations by Kirkwood (1901), 
Dawson (1903) and myself (Bond 1955), and for 
the Ovenbird by Hann’s (1937) observations. The 
possible importance of sapling density and _ insect 
populations will be discussed later. 

The importance of habitat selection may be demon- 
strated by the relationship between the Hairy and 
Downy Woodpeckers. Staebler (1949), in the most 
complete comparative study of these species to date, 
feels that they do not compete ecologically. mainly 
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because of differences in nest site selection and feed- 


ing behavior (not food items). If such be the case 
in this area, then the almost exactly opposite trends 
of the Hairy and Downy along this vegetational gra- 
dient (Figs. 6, 7) could not be explained on the basis 
of present competition between the two and would 
have to be explained by habitat selection mechanisms. 

SPECIES MOST COMMON IN INTERMEDIATE STANDS 

The Redstart (Setophaga ruticilla) exhibits one of 
the most striking curves along the vegetational gra- 
dient of any species studied, reaching a definite peak 
in the middle portion of this gradient and being rela- 
tively uneommon in all other continuum intervals 
(Fig. 6). This trend is marked regardless of the 
size of the woods, although the Redstart is more com- 
mon in large than in smaller woods (Table 7). The 
limits imposed upon this study preclude a complete 
analysis of Redstart habitat preference inasmuch as 
most observers have pointed out the high incidence 
of this species in second growth (Baker 1944, Mac- 
queen 1950, Kumlien & Hollister 1951) or bottom- 
lands (Roberts 1936, Trautman 1940, Gross in Bent 
1953). 

Within the limits of this study, the Wood Thrush 
(Hylocichla mustelina) is most abundant in the inter- 
mediate stands (Fig. 7), but is broader in its ecologi- 
cal tolerance than the Redstart. Not only are both 
these species very uncommon in the most pioneer in- 
terval and most common in the middle interval but 
also they are abundant in the same few woods in the 
most mesie interval (CI = 2375, 2440 and 2680—all 
large woods). The community requirements of these 
two species are apparently met by the same types of 
woods in this study, although the population of the 
Wood Thrush is maintained at a relatively high level 
even in the more mesic stands, which is not true of 
the Redstart, and its peak in the intermediate stands 
is not so pronounced. Although the Wood Thrush is 
certainly more common in the mesic half than in the 
xeric half of this continuum, the results of this study 
do not agree with the observations of some workers 
elsewhere that the species prefers damp woods 
(Trautman 1940, Weaver in Bent 1949). Brackbill 
(1943) noted no preference by it for moist woods. 

The Least Flycatcher (Empidonax minimus), al- 
though a relatively uncommon bird in this series of 
stands, shows a slight peak in importance in the 
intermediate portion of the gradient (Fig. 7). It is 
of little importance in the more xeric stands, but 
maintains an intermediate importance in the more 
mesie continuum intervals. The secondary peak in 
the terminal interval, which is caused mainly by a 
relatively large number of Least Flyeatchers in one 
stand (CI = 2375), is probably of minor significance. 
This is suggested by the absence of such a pronounced 
peak when determined by frequency per continuum 
interval. Most observers have indicated that this 
species prefers open woodlands to more dense forests 
over much of its range (Bent 1942, Macqueen 1950). 

The Blue-gray Gnateatcher (Polioptila caerulea) 
has a broad peak covering the middle three-fifths of 
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Fig. 7. Distribution of various bird species along the vegetational gradient. (cont.). 


this gradient; it was not common in either xeric or 
mesic stands in this study (Fig. 7). The bird also 
showed a strong preference for large woods. As the 
size of the woods increased, the peak in Gnateatcher 
frequency oceurred in more xeric stands (Table 7). 


This suggests that there is a delicate balance between 
the response of the Gnateatcher to woods size and to 
vegetational conditions. 

For the Yellow-throated Vireo (Vireo flavifrons), 
frequency shows that the peak in abundanee is a little 
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higher in the third than in the second of the 5 con- 
tinuum intervals (Fig. 7), while the relation of the 
importance values of this Vireo in these two intervals 
is reversed (due partly to the higher total avian 
density in the third interval). This suggests that 
the true peak for this species lies in the more pioneer 
portion of the middle continuum interval. An ex- 
amination of Table 4 shows that most of the higher 
densities for this bird are in stands with CIs of 
1200-1600. This study quantitates the observations 
elsewhere that the Yellow-throated Vireo is a species 
of more open woodlands than the Red-eyed Vireo 
(Sutton 1949, Bent 1950). 

Interpretation of the distinctive distribution of 
these species is difficult. Of the characteristics of 
the woods measured in this study, only certain species 
of trees show sharp peaks in stands intermediate 
along the vegetational gradient. However, bird dis- 
tribution is usually not determined by the species of 
tree per se, but by the physical features provided by 
the communities in which the tree is found. It is 
perhaps significant that 3 of the 5 bird species which 
peak conspicuously in the intermediate stands are 
sapling nesters (Redstart, Wood Thrush, Least Fly- 
catcher). This is rather surprising in view of the 
greater density of the saplings in the more mesic 
stands (Fig. 4-C). However, most of the saplings 
in the mesic stands are sugar maples which, because 
of the darkness of the woods, are largely tall and 
spindly. On the other hand, not only are there usu- 
ally more species of saplings per stand in the inter- 
mediate woods, but also the saplings in these stands 
are usually more evenly branched and foliaged and 
would probably provide more of the upright crotches 
generally required as nest sites by these three species 
of birds. Further, the intermediate stands have many 
more sapling-like shrubs than do either the more 
mesic or the more xeric stands. Above this under- 
story, the canopy is only relatively dense, which may 
be an important factor for these species as has been 
suggested by Sutton (1949) for the Yellow-throated 
Vireo. Further work on each of these avian species 
will be necessary to understand the reasons for their 
distribution in this vegetational gradient. 

SPECIES MOST COMMON IN XERIC STANDS 

The Searlet Tanager (Piranga olivacea) showed a 
broad peak in frequency and importance covering the 
more xeric three-fifths of this phytosociological gra- 
dient (Fig. 7). Its decreasing importance in the 
fourth continuum interval culminated in its being 
present in less than half the stands sampled in the 
most mesie interval. While it is difficult from Figure 
7 to determine the exact preference of this species, 
separation of the stands in each continuum interval 
into three size classes and computation of Tanager 
frequency in each size class (Table 7) aids in the 
interpretation of the distribution of this species. This 
analysis shows that the Scarlet Tanager was least 
common in the smaller woods (see also Table 5), was 
most common in the first half of this continuum, and 
with an increase in the size of the woods reached its 
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peak in frequency in more pioneer woods. These 
results suggest that in increase in woods size is simi- 
lar to increasing the climaxness of the woods for this 
species (see later discussion) and that in this area, 
at least, the Searlet Tanager prefers more pioneer 
woods, but only if they are sufficiently large. It 
would appear, then, that the distribution of this spe- 
cies within the limits of the present study is regu- 
lated by a balance between the factors associated with 
woods size and those associated with vegetational 
characteristics (sensu lato). Saunders (1936) found 
this species about equally dense in mature oak-hickory 
and in mature maple-beech in New York. Fawver 
(1950), however, found a slightly higher density of 
this species in oak-chestnut stands than in the more 
moist cove hardwoods stands in the Great Smokies. 

The Black-capped Chickadee (Parus atricapillus), 
though found in all parts of this vegetational gra- 
dient, was more than twice as common and important 
in the most xeric continuum interval as in the most 
mesic one (Fig. 7). Its trend between these two 
extremes was fairly smooth, in spite of the fact that 
the bird never reached high density even in the more 
xeric stands. 

The Catbird (Dumetella carolinensis) was clearly 
a species with pioneer affinities, being most abundant 
in the second continuum interval (Fig. 7). Although 
usually considered to be a forest-edge species (Gross 
in Bent 1948, Kendeigh 1948), most of the Catbirds 
counted in the present study were well within the 
forest interior. Oceasionally, but by no means al- 
ways, these interior pairs were found in small gap 
phases in the forest, but these phases are a natural 
part of the forest and could not be excluded from 
consideration. Observers elsewhere have noted that 
Catbirds can be found within forest, although they 
prefer gap phases (Odum 1950) or light woods 
(Roberts 1936, Trautman 1940). 

The Downy Woodpecker (Dendrocopos pubescens) 
exhibited a steady decline in abundance and impor- 
tance toward the mesic end of this continuum of 
stands, even though it occurred in woods throughout 
the gradient (Fig. 7). This was almost the exact re- 
verse of the Hairy Woodpecker trend (see above). 
The average Downy-Hairy ratio in the more xeric 
stands of this study was about 5:1, whereas in the 
more mesic stands the ratio was close to 1:1. 

The Rose-breasted Grosbeak (Pheucticus ludovi- 
cianus) was a fairly important and abundant mem- 
ber of the community in the xeric stands of this 
study, but was insignificant, if present at all, in the 
more mesic stands (Fig 7). In many of the more 
mesic stands in which it did occur, the terrain was 
steep and the bird was found in the very tops of the 
trees (Woods CI = 1836, 2003, 2680). 

The Cardinal (Richmondena cardinalis) was very 
clearly a species of the more pioneer woods in this 
vegetational series (Fig. 7). Never an important 
member of the community even in the most pioneer 
woods, it became very rare in more climax stands. 
While this bird is mainly one of the thickets and 
edge (Johnston 1947, Kendeigh 1948), the present 
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Fig. 8. Distribution of various bird species along the vegetational gradient (cont.). 


study shows that it does occur in the forest interior. 
I have found it deep within a uniform forest area, 
but usually only where the canopy was not quite so 
dense and where numerous shrubs and tangles were 
present. 


The Blue Jay (Cyanocitta cristata) was most com- 
mon in the pioneer two-fifths of this continuum (Fig. 
8). A secondary peak in the fourth interval was 
caused mainly by relatively high Blue Jay populations 
in 3 woods (CI = 1865, 2048, 2208). These 3 woods 
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(Table 4) have more pioneer affinities among ‘their 
bird populations than would be expected from their 
continuum indices; all tended to more openness than 
was common in this portion of the vegetational gra- 
dient, although the canopy was measured in only one 
woods (2048). In this woods there were many light- 
canopied walnut trees in the stand and the census 
area was surrounded by younger second-growth trees 
which may have influenced the birds in the sampled 
area. These apparent exceptions do not refute the 
designation of the Blue Jay as a pioneer species. 
Forbes & Gross (1921) found the Blue Jay quanti- 
tatively more common in open woods than in orchards 
in Illinois, which suggests that the most xerie portion 
of the vegetational gradient under consideration in 
the present study provides optimum natural condi- 
tions for this species with its population density de- 
clining with either increased or decreased openness. 

The Indigo Bunting (Passerina cyanea) was quite 
definitely a species of the more open, xeric woods 
(Fig. 8), being about 5 times more common in the 
most xeric continuum interval than in the most mesic 
interval. The secondary peak in the fourth interval, 
which does not detract significantly from the over-all 
trend, is due to an unexpectedly high number of 
Indigo Buntings in 3 woods. In Woods CI = 1897 
and 2252, there were occasional small openings in the 
canopy due to fallen trees, at which points the few 
Indigo Buntings were localized. The third woods, 
CI = 2048, was discussed above. While this bird is 
considered to be primarily forest edge (Johnston 
1947), I have observed birds in the present study well 
within the forest in places where there was no evi- 
dence of reduction of canopy. Nesting of this species 
well within the forest has also been observed else- 
where (Johnston 1947, Phillips 1951). 

The Baltimore Oriole (Icterus galbula) was most 
frequent in the most pioneer continuum interval, de- 
creasing steadily with increasing climaxness (Fig. 8). 
It was not recorded in the most mesic continuum 
interval. 

Although the Yellow-billed Cuckoo 
americanus) was fairly evenly distributed as a rela- 
tively uncommon bird throughout this continuum, it 
tended to prefer xeric woods. The secondary peak 
in the fourth continuum interval (Fig. 8) is probably 
insignificant, being caused mainly by the large popu- 
lation of this species in Woods CI = 1836. This 
woods, partly because of its situation on steep ter- 
rain, had an unusual number of pioneer species of 
birds. Importance value, in the caleulation of which 
this and other woods censused in 1952 were omitted, 
shows a smoother trend of this species toward xeric 
conditions. 

Among the less common species, the Red-evyed Tow- 
hee (Pipilo erythrophthalmus) was found in only 3 
stands in the present study, all of which were in the 
most xeric continuum interval (Table 4). The Red- 
tailed Hawk (Buteo jamaicensis) was present in 67% 
of the stands of the most xeric continuum interval, 
16% of the intermediate stands, and did not occur 
in the most mesie continuum interval. The Red- 
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headed Woodpecker (Melanerpes erythrocephalus), 
reaching 10% frequency in only one continuum in- 
terval, was most abundant in the xeric half of this 
continuum (Fig. 8). A more extensive survey will 
be necessary to localize the mode of its distribution. 
It is not unlikely that the optimum conditions for 
this species lie in even more open, xeric woods than 
those examined in the present study. 

Interpretation of the distribution of these species 
on the basis of specific habitat selection mechanisms 
is still difficult. That the factors of decreasing canopy 
density, decreasing moisture, decreasing sapling 
density, and increasing shrub density paralleled the 
distribution of these birds along this vegetational 
gradient (Fig. 4) suggests the importance of these 
factors for further study. Canopy openness, for 
example, has been shown to be of probable impor- 
tance in nest site selection by the Searlet Tanager 
(Preseott 1950) and the Black-capped Chickadee 
(Odum 1941). Probably it is of significance to most 
of the other species described here. Dense shrub- 
bery is generally a requirement of the Catbird, Cardi- 
nal and Indigo Bunting, perhaps partially explaining 
their distinctive distribution along this gradient. The 
nature of the canopy (for example, clustered leaves 
and thick twigs of the oaks) may be important to 
some species such as the Scarlet Tanager (Prescott 
1950) and the Rose-breasted Grosbeak. The more 
frequent occurrence of such decay-susceptible trees 
as the aspens and black cherry in the more mesie 
stands (Fig. 3) may be important in the distribution 
of some hole nesting birds such as the Black-capped 
Chickadee and the Downy Woodpecker. Careful 
study of each of this group of avian species will be 
necessary to understand the mechanism of its habitat 
selection. 


SPECIES WITH INDEFINITE. DISTRIBUTIONAL 
PATTERNS 

This category includes (1) those species which are 
no more common in one part of the vegetational gra- 
dient than another, and (2) those species whose ap- 
parent trends along the gradient, though suggestive, 
are insufficiently established to place them in one of 
the above three categories. 

The Wood Pewee (Contopus virens) was the most 
nearly ubiquitous species in the present study (Fig. 
8). It showed little indication of preference for any 
portion of the vegetational gradient, even though 
frequency tended to be slightly, but not significantly, 
higher in the more xeric stands. Quantitative studies 
the Pewee to be slightly more common in xerie wood 
elsewhere (Saunders 1936, Fawver 1950) have shown 
lands. 

The Cowbird (Molothrus ater) showed greater 
fluctuation along the vegetational gradient than the 
Pewee (Fig. 8). While Fig. 8 shows a slight tend- 
ency for the Cowbird to be more common in the 
mesic half of the gradient, the difference is probably 
not significant. The Cowbird has generally been 
considered a bird of the open country (Friedmann 
1929, Saunders 1929) or forest edge (Kendeigh 
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1948). The present study, however, points out that 
it is fairly common even in the densest woods (Table 
4), but the limits of the study do not permit compari- 
son of its abundance in the forest edge and the forest 
interior. 

The requirements of the White-breasted Nuthatch 
(Sitta carolinensis) were apparently met throughout 
this series of stands. It was definitely least abundant 
in xerie stands, with its highest frequency being in 
the intermediate portion of the continuum (Fig. 8). 
That its importance peaked at a more mesic point 
along the gradient than its frequency suggests that it 
has a wide, flattened curve along the gradient but 
that the sampling techniques used in this study have 
been inadequate to locate precisely the mode of such 
a distribution. A more extensive survey with larger 
sample areas will be necessary to determine the habi- 
tat preference of this species. 

The pattern of distribution of the Crested Fly- 
eatcher (Myiarchus crinitus) in this study is difficult 
to interpret. Fairly common throughout the vegeta- 
tional continuum, it appears to have reached separate 
and almost equal peaks in the more xeric and the 
more mesic woods (Fig. 8). The second peak in the 
fourth continuum interval cannot be attributed to 
fluctuations in a single or very few stands. One of 
three conclusions is apparent: (1) the Crested Fly- 
catcher was relatively unaffected by the differences in 
this continuum, exhibited a flat curve along the gra- 
dient, and the two peaks were non-significant fluctua- 
tions—its ubiquity has been noted by Roberts (1936) 
and Fawver (1950); (2) this bird tended to be more 
common in the more pioneer stands and the second 
peak is not significant—supported by some observa- 
tions elsewhere that it prefers open woods (Saunders 
1929, Bent 1942); or (3) both peaks in numbers of 
Crested Flycatchers in the present study were signifi- 
cant, in which case there may be two different “eco- 
logically fixed” populations of this species in this 
area as Pietzmeier (1942) found for the Song Thrush 
(Turdus viscivorus) in Europe. While the present 
study does show that the requirements of the Crested 
Flyeatcher were met throughout this vegetational 
gradient, further work will be necessary to determine 
which of the above alternatives is correct. 

The Tufted Titmouse (Parus bicolor) was a rela- 
tively uncommon bird in the present study, and the 
data were insufficient to warrant definite conclusions 
regarding its distribution along the vegetational gra- 
dient. The location of the study area at the edge of 
the range of the species makes the interpretation of 
the results difficult. The study suggests, however, 
that this species frequents the more xeric stands more 
commonly than the more mesic stands in this area 
(Fig. 8). Such a distribution is most clearly shown 
by the use of presence. 

EFFECT OF SIZE OF WOODS ON THE DISTRIBUTION 
OF INDIVIDUAL SPECIES 

In order to determine whether size of woods, inde- 
pendent of vegetation and physiognomy, affected the 
frequency of individual species, the 64 stands were 
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arbitrarily grouped into 3 size classes: 15-35 acres, 
40-80 acres, and more than 80 acres. The total fre- 
quency was then determined for each avian species 
within each size class by dividing the number of 
sample segments in which the species occurred within 
that size class by the total number of sample segments 
censused within that size class. 

The results are given in Table 5. Because of the 
inadvertent tendency for sample segment size to be 
slightly larger in larger woods (at the ratio of 1:1.15: 
1.25 for the 3 size classes), the values obtained by the 
above calculations were reduced by 13% in 40-80 acre 
woods and by 20% in woods larger than 80 aeres. 
Adjusted values are shown in parentheses in Table 5. 


TABLE 5. Frequency of various bird species in differ- 
ent size classes of woods. 
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*Adjusted figures; see text. 


Some species of birds were apparently strongly 
influenced by woods size, others were only moderately 
influenced, and others appear to be indifferent to 
woods size. For example, the Downy Woodpecker, 
Crested Flycatcher, Blue Jay and Indigo Bunting 
were at least 50% more common in small woods than 
in large woods. On the other hand, the Red-hellied 
Woodpecker, Acadian Flycatcher, Least Flveatcher, 
Wood Thrush, Blue-gray Gnateatcher, Yellow- 
throated Vireo, Cerulean Warbler and Redstart were 
at least 50% more common in large than in small 
woods. The Ovenbird and Searlet Tanager were, 
respectively, 45% and 34% more common in large 
woods. Such species as the Wood Pewee, White- 
breasted Nuthatch, Cowbird and Red-eyed Vireo 
showed little evidence in this study of being affected 
by woods size. 

Each size class of woods in this study was well 
distributed throughout the vegetational gradient 
(Table 6). This insured that even though size of 
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TABLE 6. Distribution of size classes of woods within 
each continuum interval. 


EcoLOGICAL DISTRIBUTION OF BREEDING BIRDS 


TABLE 7. Frequency of selected bird species in three 
size classes of woods within each continuum interval. 
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woods does affect the frequency of some bird species, 
any demonstrated trend along the continuum for any 
species was due to its response to the gradient and 
not to the size of the woods. Further, the average 
sample segment size was approximately the same for 
each continuum interval. 

Determination for each avian species of frequency 
per woods size class in each continuum interval 
showed that the response of most species to the vege- 
tational gradient did not vary with the size of the 
woods (Table 7). The Searlet Tanager and Blue- 
gray Gnateatcher were notable exceptions. With an 
increase in woods size, both of these species reached 
their peaks in frequency in more pioneer woods. 

It may be noted that those species which were 
most common in large woods were mainly species 
which were also most common in the mesie or in- 
termediate stands of this study, while the species 
most common in small woods were largely pioneer 
species. This suggests that there was a close relation- 
ship between the effects of woods size and relative 
climaxness on bird distribution in the present study. 
Table 7 provides further evidence for this conclusion. 
For example, the Cerulean Warbler was most com- 
mon in the most mesie continuum interval, regardless 
of the size class of woods under consideration. It 
appeared in xeric stands in this study only if they 
were large or, conversely, in smaller stands only if 
they were mesic. It is as if the bird were responding 
simultaneously to “largeness” and to “mesic condi- 
tions,” with largeness compensating in some manner 
for the lack of mesie conditions in the more xeric 
stands. Similar tendencies can be seen in the Red- 
eyed Vireo. Such pioneer species as the Blue Jay 
and Indigo Bunting showed only a slight woods size 
preference in the xeric type of woods where they 
abounded, but showed a much greater preference for 
smaller woods among the more mesic stands. Their 
over-all preference, then, for smaller woods calculated 
on the basis of all stands in the study (Table 5) was 
apparently not so much a preference for small woods 
per se as a reflection of the more suitable conditions 
for these species in small than in large mesic stands. 
Among the intermediate species, the Wood Thrush 
and Redstart, when found in mesic stands, occurred 
almost exclusively in larger woods. The distribution 
of the Blue-gray Gnateatcher and the Scarlet Tanager 
as a balanced response to woods size and the vege- 
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540-  970- | 1400- | 1830- | 2260- 
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Cerulean Warbler 
15-35 acres... . 0 6 4) ff 
40-80 acres... .... 10 18 18 59 

>80 acres. 7 20 38 31 49 


Red-eyed Vireo 
15-35 acres... ; 49 8 68 90 
40-80 acres........) $ 66 | 100 
>S80 acres........| 28 83 


Ovenbird 
15-35 acres... . 
40-80 acres. 
>80 acres... 


Redstart 
15-35 acres... 
40-80 acres. .... 
>80 acres... 


Wood Thrush 
15-35 acres. . 
40-80 acres. .. 

>80 acres 


Scarlet Tanager 
15-35 acres. 
40-80 acres. . es 
>80 acres...... 


Blue-gray Gnatcatcher 
15-35 acres... .. 
40-80 acres 

>80 acres 


Blue Jay 
15-35 acres... .. 
40-80 acres... .. 
>80 acres 


Indigo Bunting 
15-35 acres. 
40-80 acres 

>S80 acres. 


Rose-breasted Grosbeak 
15-35 acres... . 
40-80 acres... 

>80 acres. 


tational gradient has been mentioned. Among the 
more climax species, the Ovenbird, Red-eyed Vireo, 
and Acadian Flycatcher, when present in pioneer 
stands were generally most abundant in larger woods. 
It is tempting in these several cases to apply a model 
of the summation of sign stimuli in the release of 
habitat recognition behavior similar to the model 
postulated by Svardson (1949). 

It would appear, then, that small woods present 
more pioneer conditions to the avifauna than do larger 
woods of a similar CI. The tendency for smaller 
woods often to be more subject to wind and light 
penetration (and hence usually drier) than larger 
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woods of the same CI apparently is more significant 
to some birds than the precise nature of the vegeta- 
tion. 

Recognition of the relationship between woods size 
and relative climaxness helps explain why there are 
more species in this study preferring large woods 
than those preferring smaller woods. The study 
being in the forest interior insured the inclusion of 
such birds as remain of the primeval forest fauna, 
which might be expected to prefer larger woods. Yet 
windfalls, light canopy because of steep terrain, or 
other breaks in these large forests often present suit- 
able conditions for pioneer species (which might be 
expected to prefer small woods). Consequently, few 
preferences for small woods can be detected. It is 
rarer, on the other hand, for small woods to provide 
conditions suitable for birds of the more mesic for- 
ests and the preference of these species for larger 
woods can easily be demonstrated. 

GROUPS OF SPECIES AND THE VEGETATIONAL 
GRADIENT 

The demonstration in the preceding section of char- 
acteristic responses of individual species to changes 
along this vegetational gradient suggests that group- 
ing these species into ecological categories may reveal 
significant trends. Various groupings based upon 
feeding and nesting habits were accordingly made 
and their relation to the continuum of vegetation 
determined. 

SPECIES WITH SIMILAR FOOD HABITS 

Similarities in feeding habits of the bird popula- 
tions in the woods of this vegetational series were 
determined as follows. For each species, the average 
per cent of the spring and summer diet which con- 
sisted of plant material was determined from data 
compiled by Martin, Zim & Nelson (1951). The im- 
portance value of each bird species per continuum 
interval was multiplied by this %. The total of 
these products for each continuum interval gives an 
approximation of the importance of plant food in the 
avian population of that interval (Table 8). In the 
ealeulations of these values only those species which 
exceeded 10% frequency in at least one continuum 
interval were used. 


TABLE 8. Population diversity, 
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Plants are only about half as important as a direct 
food source for birds in the more mesic communities 
as in the more xeric communities (Table 8). Of the 
eight common bird species in this study whose spring 
and summer diet consisted of more than 25-35% 
plant material (Red-headed Woodpecker, Blue Jay, 
Catbird, Cardinal, Rose-breasted Grosbeak, Indigo 
Bunting, Red-bellied Woodpecker, Cowbird), all ex- 
cept the last two were more abundant i in xeric than in 
mesic stands. These results suggest that plant food 
for birds is more available in the more pioneer stands. 
Vegetational analyses verify this conclusion. Acorns 
and fleshy fruits, the main plant foods of these wood- 
land birds, have been shown by Curtis & McIntosh 
(1951) and Randall (1952) to be more common in the 
more xeric portions of the continuum. 

Conversely, the greater importance of animal food 
in avian community dynamics in the more mesie 
stands and the greater density of birds in these 
stands (see below) suggests that the abundance of 
animal food for birds is relatively greater in the more 
mesic communities. Further, a classification of the 
more important insectivorous birds according to their 
method of feeding gives the results shown in Table 8, 

As a feeding group, the woodpeckers showed no 
significant trend along the continuum of stands, sug- 
gesting that the food in their feeding niche is avail- 
able throughout the vegetational gradient. 

The main tree trunk gleaner, the White-breasted 
Nuthatch, showed a slight tendeney to be more com- 
mon in the intermediate stands (Fig. 8), but the 
significance of this trend cannot be determined. This 
feeding niche is probably exploited to some extent 
by the Black-capped Chickadee, especially in the 
more pioneer stands (Fig. 8), although Odum (1942) 
points out that this species is mainly a foliage-gleaner 
in the breeding season. 

Aerial feeders include the Flyeatchers and, partly, 
the Searlet Tanager (Prescott 1950). Although in- 
dividual species of this group were shown in a pre- 
ceding section to have distinct trends along the vege- 
tational gradient, the group as a unit showed no 
significant trend. This suggests either that the insect 
prey of this group was equally abundant throughout 
this series of stands or that some other factor(s) 


density and ecological subdivisions along the vegetational gradient. 





Continuum interval. ; 
I. Average no. of species per stand sample. . 
II. Population density 
Number per 100 acres® Sih eere. See tet awe 310 
Number per 100 acres* : 279 
A. Feeding groups (sums a importance values) _ 
1. Plant feeders (see text) . bee 
2. Woodpeckers es for r plant feeding). ; 


3. Aerial feeders. . : = 41, 
4. Foliage gleaners. . eee Sats 34. 


B. Nest sites (sums of importance values) 
do OSS rey ees 


ee | 62. 
Nee eee eee 68 .é 


540-970 | 970-1400 
19.7+.98 | 


40.0 | 36.£ 


10.6 


2260-2690 
15.3+.76 


1830-2260 
16.4+1.41 


1400-1830 
21.6+.58 


| 

17.8+ .86 
| 341 386 | 398 350 
325 360 | 313 330 

7.2 | 275 | 21.0 

6.3 10. 75 | 0.3 

2 | 40.6 44.3 42.3 

4 49. 6.6 62.1 | 70.7 


36.9 29.5 33. 32. 33.5 


58. 53.1 


7 58. 
59.8 


3 75. ‘ 59. 





*Based on all species. 


**Based on those species whose frequency per continuum interval exceeds 10% in at least one interval. 
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were keeping the population of this group fairly 
stable along the gradient. 

The main ground feeders, the Ovenbird and Wood 
Thrush, were most abundant in the stands of the more 
mesic half of this gradient (Figs. 6 and 7). Whether 
this was because of a greater insect population in this 
stratum in more mesic stands or because these birds 
were responding to other environmental factors re- 
mains to be determined. 

The main foliage-gleaners (vireos, arboreal war- 
blers, Gnateatcher, Black-capped Chickadee and, 
partly, Scarlet Tanager) as a group were much more 
common in the mesic half of this vegetational series. 
This suggests that the foliage insect density may have 
been greater in the more mesic stands. That this 
may be true is further suggested by Whittaker’s 
(1952) demonstration of an increase in foliage insect 
density along a moisture gradient in the Great Smoky 
Mountains. It is perhaps of significance that this 
group of birds makes the major contribution to the 
changes in total population along the vegetational 
gradient. 

SPECIES WITH SIMILAR NEST SITES 

In order to determine whether there was any con- 
sistent trend in nest site preference along this phy- 
tosociological series, the birds were grouped into hole 
nesters, high open nesters (more than 20 feet high), 
low open nesters (less than 20 feet high) and ground 
nesters. The groupings were based upon information 
mainly from Bent (1939-1953), Forbush (1927, 1929) 
and Roberts (1936). Finer divisions such as those 
proposed by Dunlavy (1935), Colquhoun & Morley 
(1943), or Tureek (1951) were not feasible for this 
analysis. 

Trends were determined by summing for each con- 
tinuum interval the average importance values of 
the species within a nest site category. Only species 
whose frequency exceeded 10% in at least one con- 
tinuum interval were used in these calculations. The 
results are shown in Table 8. 

Hole nesters (woodpeckers, Crested Flycatcher, 
Black-capped Chickadee, White-breasted Nuthatch). 
Hole nesters as a group showed little evidence of any 
trend along the vegetational gradient, even though 
individual species may have distinctive responses to 
the vegetational changes. The group was but slightly 
denser in the most pioneer interval. Apparently both 
hole nest sites and suitable trees for excavation were 
available throughout this continuum. It has pre- 
viously been noted that those species which appar- 
ently prefer soft wood for their self-excavated nests 
(Downy Woodpecker, Black-capped Chickadee) were 
most common in the more pioneer stands. 

High open nesters (Wood Pewee, Gnateatcher, 
Yellow-throated Vireo (70%), Red-eyed Vireo 
(20%), Cerulean Warbler, Searlet Tanager, Balti- 
more Oriole). This group of species was about 
equally distributed throughout this continuum. Ap- 
parently adequate canopy nest sites were provided 
throughout this series of stands. These results are 
interesting in view of the fact that individual species 
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within the category all have rather definite trends 
along the vegetational gradient. 

Low open nesters (Yellow-billed Cuckoo, Acadian 
and Least Flyeatchers, Blue Jay, Catbird, Wood 
Thrush, Red-eyed Vireo (80%), Yellow-throated 
Vireo (30%), Redstart, Cardinal, Rose-breasted 
Grosbeak, Indigo Bunting). This group showed the 
clearest trend along the vegetational gradient of any 
of the nest site groupings, being most abundant in 
the pioneer three-fifths of the gradient. This distri- 
bution is correlated with the abundance and diversity 
of low nest sites in this portion of the gradient. 
Further division of low nesters into their nest site 
preferences within the 1-20 ft range makes the cor- 
relation even more striking. (1) Those species in this 
group which are generally considered to be shrub 
and brush nesters (Catbird, Cardinal, Indigo Bunt- 
ing) reached their greatest abundance in the more 
pioneer stands where shrubs and brushy areas were 
most abundant. (2) The Rose-breasted Grosbeak 
and Blue Jay nest mainly in study young trees or in 
the lower branches of larger trees, although the Gros- 
beak is reputed to nest also in bushes (Roberts 1936). 
Both were most common in the pioneer stands of this 
study, where sturdy oak saplings and thick oak 
branches and twigs were available for their rather 
bulky nests. (3) The remaining species in this group 
are mainly sapling nesters. Their abundance as a 
subgroup was greatest in the more mesic three-fifths 
of this continuum where the sapling density was 
greatest. But, as has been noted, there was a differ- 
ence in sapling growth form in the intermediate 
stands and in the mesie stands, the saplings in the 
latter stands being scerawnier, less branched, and 
thinner foliaged. This difference is reflected in the 
distribution of the sapling nesters, for those species 
which generally build a nest in an upright crotch 
(Least Flycatcher, Wood Thrush, and Redstart) were 
most abundant in the intermediate stands where the 
saplings were fairly dense and well-branched. These 
crotch-nesting species contributed heavily to the 
abundance of low-nesters in the intermediate stands 
(calculation of density shows a greater peak among 
low nesters in the third continuum interval than the 
importance values would indicate). Their numbers 
were supplemented in these stands by the other sap- 
ling nesters, the Acadian Flycatcher and Red-eyed 
Vireo. The latter species, both pensile nest builders, 
were most abundant in the more mesie stands, how- 
ever, and made up the bulk of the decreased low- 
nester population in these stands. 

Ground nesters. Only one major species, the Oven- 
bird, was in this category in the present study. The 
Towhee and Veery were found only rarely. The 
Ovenbird very conspicuously increased in importance 
and density with increasing mesic¢ conditions (Fig. 6). 

In summary, since there was little change in abun- 
dance of hole nesters and high nesters as groups 
along this vegetational gradient, it is apparent that 
the major changes in the total population density 
within the present study (Table 8) were due to spe- 
cies which nest in the understory or on the forest 
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floor. Apparently the nature and condition of the 
lower strata of the forest are very important in the 
maintenance of a dense and diverse avifauna. It is 
suggested that these strata influence population den- 
sity by the provision of numerous adequate nest sites 
and suitable conditions for an abundant and diverse 
insect fauna. 

THE TOTAL POPULATION : DIVERSITY AND DENSITY 

The average number of species recorded per stand 
was greatest in the intermediate stands and became 
much reduced toward the climax portion of the vege- 
tational gradient (Table 8). It was also reduced, 
though less sharply, toward the pioneer end of the 
gradient, with a secondary peak in the most pioneer 
interval due primarily to a number of “forest-edge” 
species which entered the more pioneer woods. If 
this vegetational continuum were followed into more 
xeric conditions (prairie), the number of species per 
sample would probably continue to decrease (Hickey 
1940, Kendeigh 1941, 1948, Beecher 1942). 

The density (number per 100 acres) of a species 
within a continuum interval was calculated as follows : 


oe f sum of stand densities 
2ns yO 2 . . . 
mre of species A in interval x 
species A = 


in interval x 


« 100 





total area of all census 
areas in interval x 


The approximate area covered in each woods by the 
sample count was determined by measurement of an 
aerial photograph with a planimeter, except in those 


woods in which the census area was paced and staked. 
Although it is impossible to determine the exact area 
covered on the ground from an aerial photograph, no 
other measurement of the census area besides pacing 
was available. (If this study were repeated, a spatial 
rather than a temporal distance between stops would 
seem desirable.) However, the purpose of this study 
was not intended, nor were the data used, to deter- 
mine absolute densities but rather to determine trends 
along a gradient. Since the same methods were used, 
and hence the same errors obtain, in each continuum 
interval, the caleulated densities for each interval are, 
though not precise, useful and valid for comparative 
purposes within this study. 

The total population density per continuum inter- 
val, a summation of the densities of the individual 
species, is shown in Table 8. It can be seen that in 
spite of the extra forest-edge species appearing in 
the most pioneer interval (see above), the total den- 
sity in that interval is low, and that total avian 
density increased steadily with increasing mesic con- 
ditions until the mid-point of the gradient, after 
which it decreased in the more terminal stands to a 
level above that of the more pioneer stands. (The 
drop in the fourth interval appears to be due mainly 
to the low populations in a few aberrant woods—see 
Table 4.) A continuation of this study in a more 
xeric direction (still using stands of mature plants 
with a minimum of edge) into prairie conditions 
would, I believe, show a steady decrease in total 
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density from the levels found in this study, as cen- 
suses by Kendeigh (1941, 1948) suggest. 

The occurrence of a greater density and diversity 
of birds in the middle part of this vegetational gra- 
dient adds to the accumulating evidence that a greater 
diversity of habitat conditions is favorable for a 
denser and more diverse avian population than is 
found in more uniform habitats. High populations 
in edge conditions (Beecher 1942) are spectacular 
examples. Another example is the tendency for bird 
populations to be denser in mixed hardwoods-conifer 
forests than in uniform stands of either type, as 
shown in Fawver’s (1950) censuses. In the present 
study, the habitat differences for birds are less be- 
tween the ends of this gradient than between the 
contrasting communities in the two examples just 
mentioned. Yet apparently the stands in the inter- 
mediate portion of the continuum provide enough 
optimum conditions for some species and suitable 
conditions for species whose optima are in either 
more xeric or more mesic stands that both the density 
and diversity of species are greatest in this portion 
of the vegetational gradient. The nature of the un- 
derstory and the apparent abundance and diversity 
of insect food in the intermediate stands (see pre- 
vious section) seem to be especially important fac- 
tors in their high avian densities. Schiermann (1934) 
likewise found increasing bird populations with in- 
creasing age of pine stands in Germany. In the 
oldest stands, however, where the understory was 
decreased, he found reduced bird densities. 

No precise explanation is possible for the tendency 
for the population density to be greater in the more 
mesic stands than in the most xerie stands. Saunders 
(1936) found that the density of birds is propor- 
tional to the height of the forest crown (see Davis 
1942). While mesic stands in the present study, be- 
cause of their usually slightly higher canopy, prob- 
ably provide a greater inhabitable volume than the 
most xeric stands, the effect of other aspects of the 
forest concomitant with greater height must not be 
discounted. Other workers (Odum 1950, Fawver 
1950, Murray 1954) have found total bird popula- 
tions correlated with rainfall and intra-forest mois- 
ture, which in the present study is greatest in the 
more climax stands. The demonstration in the pres- 
ent study of the importance of foliage-gleaning birds 
in the more mesic communities and the demonstration 
by Whittaker (1952) of the greater density of foliage 
insects in more moist stands suggest that the food 
supply may be one of the main factors underlying 
the greater avian density in mesic than in xeric 
stands. Studies of insect populations of this series 
of stands will be enlightening. 


COMMUNITIES OF BIRDS AND THE VEGETATIONAL 
GRADIENT 


It has been demonstrated above that portions of 
the bird population—both individual species and 
ecological groups of specics—exhibit characteristic 
trends along the vegetational gradient. The purpose 
of this section is to analyze the avifaunal similarities 
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of the stands, independent of vegetation, and to seek 
correlations between these similarities and the vege- 
tational relationships between the stands. The nu- 
merical representation of the similarity (or differ- 
ence) in composition of stands has been used by 
various students of plant and animal distribution. 
Jaceard’s Coefficient of Community (1902) measured 
the similarity of two stands by dividing the number 
of species common to the two stands by the total 
number of species in either or both stands. Webb 
(1950) used the same index and Simpson (1947) 
used a somewhat similar one in comparing mammal 
faunas. This coefficient, however, is influenced 
strongly by sample size and fails to consider the 
numerical importance of the species in the two 
stands. Gleason (1920) modified the Coefficient of 
Community to include quantitative data and various 
other workers have arrived at and used an index 
similar to Gleason’s (see Whittaker 1952 and Bray 
1956 for literature reviews). This index is caleu- 
lated as follows: 
2=5W 
index of similarity = —— 
: A+B 


x 100 


where W = the lesser quantitative value of each 
species which oceurs in both stands; A = the sum 
of the quantitative values of all species in stand 1; 
and B = the sum of the quantitative values of all 
species in stand 2. The value obtained varies from 


0, indicating no species in common, to 100, showing 
complete quantitative similarity of the two stands. 


The index of similarity between two stands is the 
same as the “percentage similarity” (100 minus the 
“percentage difference”) used by Odum (1950) in 
the comparison of breeding bird populations, al- 
though it is caleulated in a slightly different manner. 
It may be used with density figures, as Odum did, or 
with relative density, as Whittaker (1952) did in the 
comparison of samples of summer foliage insects. 

The index of similarity may be used to arrange 
several stands into an ordered system. The 
laritv of each stand to all others being studied is 
determined and the stands arranged so that those 
most similar are closest. This has been done in sev- 
eral Wisconsin community studies (Culberson 1955, 
Bray 1956) and, on a smaller seale, by Odum (1950) 
and Whittaker (1952). In the present study, 1430 
indices of similarity were calculated between all pos- 
sible pairs of the 54 stands studied in 1953 and 1954. 
A matrix of all these values was constructed showing 
the similarity of each stand to all others and the in- 
dices of similarity for each stand were summed. The 
stand with the lowest sum (Woods CI = 2336). that 
is, the one most consistently dissimilar from all others, 
was selected as one end of an ordinate and the woods 
most dissimilar from it avifaunally (Woods CI = 
633) was selected as the other end. The remaining 
stands can be arranged linearly on this ordinate ac- 
cording to their relative distance from the two ter- 
nini. 

The use of a single stand as a reference stand for 


simi- 
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the arrangement of others tends to magnify the pe- 
culiarities of that stand. To reduce this, the 2 
stands most similar to each of the terminal stands 
were found (CI = 2352, 2489 and CI = 986, 1111) 
and the 3 stands at either end of the ordinate became 
composite reference stands. The remaining stands 
were arranged along this ordinate in the following 
manner. For each stand of the study, the average 
of its “percentage similarities” (indices of similarity) 
to Stands CI = 2336, 2352 and 2489 and its “per- 
centage differences’ (100 minus each index of simi- 
larity) from Stands CI = 633, 986 and 1111 
determined. ‘This average represents the distance of 
the stand from one terminus of the ordinate. In 
addition, the average distance of the 6 “reference 
stands” from the other 5 was determined. 

The average avifaunal similarity of each stand to 
one end of the ordinate is plotted against the vege- 
tational continuum index of the same stand in Fig. 9. 
Calculation of the correlation between these average 
similarities and the continuum indices gave a value 
(r) of .787, which is significant at the 1% level. The 
linear arrangement of the stands avifaunally and the 


was 


same stands ranked vegetationally shows a_ highly 
significant rank correlation (r, = .804). 

The close correlation between the independent avi- 
faunal and vegetational arrangement of the stands is 
submitted as substantial evidence of a close relation- 
ship between variation in bird community composi- 
tion and the vegetational gradient. Just as the series 
of stands in this study is neither homogeneous vege- 
tationally nor divisible into discrete communities, so 
with the avifauna. Rather, a continuum of inter- 
related bird communities is formed between those 
communities of the more open, xerie stands and those 
of the more dense, mesie stands (Fig. 9). 

The evidence in Fig. 9 indicates that the interme- 
diate bird communities in this series (CI = 1400- 
1830), except for the smaller stands (see below), are 
more closely related to those of the more mesie stands 
than to those of the more xerie stands. Further evi- 
dence for this is found in the trends of some species 
along the gradient (Figs. 6, 7 and 8), the total den- 
sity of the population, and the trends of certain 
ecologic attributes of the bird population (Table 8). 
These observations suggest that the bird population 
tends to become more uniform after a certain degree 
of canopy closure, sapling density, tree height, and 
intra-forest moisture have been attained. 

It has been noted in another section that woods 
size may affect the apparent response of birds to the 
vegetational gradient. Further evidence for this is 
found in the ordering of the stands by the similarity 
of their avifauna. For example, Woods CI = 1622 
and 1682 are conspicuous examples of small woods 
of intermediate or mesic vegetational characteristics 
whose bird populations are more closely related to 
those of more xeric stands, whereas Woods CI = 
1216 is a large xerie woods whose avifaunal affinities 
are clearly with fairly mesic stands. The possible 
importance of edge conditions in relation to woods 
size has been discussed. 
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The steepness of the terrain upon which a stand 
is located may also affect the bird population. Stand 
CI = 1836 is the most conspicuous example. While 
it could not be included in the caleulatien of indices 
of similarity because of the incomplete sampling in 
1952, examination of its bird population (Table 4) 
shows its affinity with more xeric stands. Stand 
CI = 2680 was also on steep terrain. Although the 
most mesic stand of the study, and largely containing 
species of mesie preferences, it had some species not 
expected in woods of this type. Species of more 
xeri¢ affinities, such as the Scarlet Tanager and Rose- 
breasted Grosbeak, were found in this stand in the 
very tops of trees which, although in the center of 
the woods, were essentially on the edge because of the 
steepness of the terrain. These examples suggest 
that steepness provides open conditions suitable for 
birds which are usually found in more xeric stands. 


GENERAL DISCUSSION AND CONCLUSIONS 


The product of a unique phylogeny, each bird spe- 
cies represents a separate reaction system to the 
complex of environmental factors. This is demon- 
strated in the present study as a characteristic re- 
sponse of the species to an environmental gradient. 
The distribution of the species along this gradient 
may be expressed as-a Gaussian curve, as has been 
shown for plant species (Brown & Curtis 1952, Whit- 
taker 1951, 1956). Further, this response, whether 
it be the trend in abundance of the species along the 
gradient, its population level, or its ecological am- 
plitude, is peculiar to the species. For example, 
among the 6 species most common in the mesic stands 
of the present study, the Red-eyed Vireo and Oven- 
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bird had a fairly high population level even in the 
more pioneer stands, while the Hairy and Red-bellied 
Woodpeckers were at a low level throughout; the 
Cerulean Warbler and Acadian Flycatcher were 
much more confined to the mesic stands. Among the 
intermediate species, the Redstart was very much 
restricted in its distribution in this continuum of 
stands, whereas the Wood Thrush and Blue-gray 
Gnatcatcher had broader amplitudes of tolerance. 
The ecological differences even among closely related 
species (species of Vireo, Empidonax, Dendrocopos, 
Buteo, Parus), expressed solely as their responses to 
the vegetational gradient, were also distinct, verify- 
ing the observations of Mayr (1942), Lack (1944), 
and others regarding the ecological divergence of 
closely related species living sympatrically. 

That many bird species ranged throughout this 
continuum of deciduous forest stands shows that the 
ecological amplitudes of many birds may be broader 
within a vegetation type than the amplitude of many 
of the plant species within that type. Kendeigh 
(1948, 1954) and Fawver (1950) called attention to 
this phenomenon in a preliminary way. The en- 
vironmental gradient included in the present study, 
then, is insufficiently broad to encompass the en- 
vironmental responses of many of the bird species 
studied. The consequence is an apparent similarity 
of the response of some of the species to this rela- 
tively narrow gradient. Extension of the gradient in 
any direction, however, would probably eliminate 
these apparent duplications. Similarly, it is prob- 
able that many of the species which are apparently 
indifferent to the changes along this continuum are 
species the ends of whose environmental response 
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eurves are obscured by the artificial limits of the 
study. 

Differences in distribution of the various bird spe- 
cies along this vegetational gradient are but one ex- 
pression of their ecological dissimilarity. Even 
though several species may be similar in one or more 
of their requirements (e.g., nest sites), there are 
other differences which separate them ecologically 
and, hence, reduce possible competition. Using the 
hole nesters as an example, the four woodpeckers in 
the study have different trends along the vegetational 
eradient, different nest sites, and different feeding 
habits, while the remaining hole-nesters, the Crested 
Flveatcher, Black-capped Chickadee, and White- 
breasted Nuthatch differ from each other and the 
woodpeckers in response to the gradient, nest con- 
struction and, mainly, in feeding habits. 

Not only is each species ecologically unique locally, 
but also the geographic distribution of no two birds 
exactly coincides because of such differences as niche 
requirements, physiological adaptations, interspecific 
adjustments, and geological history. Such geographic 
dissimilarity has been graphically demonstrated for 
some birds of the deciduous forest by Pitelka (1941) 
and can be noted for other species in the A. O. U. 
Check-List (1931). Mason (1947) and Cain (1947) 
have pointed out the same thing for plant species. 

The ecologie and geographic distribution of those 
birds observed in this study appear to support among 
animals the individualistic concept as applied to plant 
associations by Gleason (1926), Egler (1947), Cain 
(1947), and Whittaker (1954, 1956). According to 
this concept, species are regarded as unique phe- 
nomena, each responding individualistically to en- 
vironmental conditions, and stands are unique com- 
binations of individual species responding to the 
conditions at hand. Associations are thus arbitrary 
and artificial groupings of such stands. Yet among 
the birds in the present study, as Curtis & McIntosh 
(1951) pointed out for plants, there are not unlimited 
combinations of Instead, rather definite 
patterns of responses of individual species to the 
physiognomie and other physical features of the 
vegetational gradient can be observed. These re- 
quirements and tolerances, though differing from spe- 
cies to species, overlap in such a way as to form a 
rather definite pattern of community-types which, 
however, lack disereteness other and 
merge as a continuously varying series, or continuum, 


species. 


from each 


of communities. 

These observations on the overlapping of bird com- 
munities substantiate the views of Curtis & McIntosh 
(1951) and Whittaker (1956) that the deciduous 
forest is not divisible into discrete associations. Ken- 
deigh (1948) has also shown that bird populations of 
the deciduous forest are not divisible into groups 
corresponding to any plant associations. Rather, he 
considered the deciduous forest as a unit, the de- 
ciduous forest biociation, with related seral biocies. 
The present study shows, however, that even these 
larger categories interfuse, with forest-edge species 
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overlapping in their ecological distribution with 
birds of the “deciduous forest biociation.” 

The relation between the bird communities of 
the deciduous forest and those of the other major 
vegetation types (coniferous forest, grassland) 
can only be tentatively interpreted at the present 
time because of insufficient information. Comparing 
the bird communities of the deciduous and coniferous 
forests, for example, it may first be noted that the 
avian inhabitants appear to respond to the difference 
in life form of the two vegetation types (Peterson 
1942, Odum 1945, Kendeigh 1945). Consequently, 
the bird communities of the mature forests would 
appear to be only as distinct as these two vegetation 
types. While there have not been enough extensive 
objective vegetational studies to reveal the relation 
of the two types, Whittaker (1956) has shown 
that they form a continuously intergrading series 
in the Great Smoky Mountains. His data for in- 
sects (Whittaker 1952) substantiate this view among 
animals. Birds in the same stands seem to show 
continuous variation between the two types (see 
Fawver 1950 for data). Second, examination of the 
censuses in eastern North America compiled by Faw- 
ver (1950) suggests clinal changes in bird commu- 
nity composition. For each census area in this region 
Fawver determined the per cent of the population 
which was composed of birds of the ‘deciduous for- 
est biociation” and of birds of the “coniferous forest 
biociation.” It would appear from his figures that 
there is a roughly continuous decrease in the pro- 
portion of “typical” mature deciduous forest birds 
in the total avian population with increasing distance 
from a triangle formed by Ohio, New Jersey, and 
North Carolina. Similarly, the proportion of “typi- 
cal” mature coniferous forest species decreases fairly 


‘continuously with increasing distance from south- 


central Ontario. Combined with the results of the 
present study, these observations question the unitary 
nature of the deciduous forest bird community. 

To be grouped into natural units, stands within the 
units should be rather closely similar in composition 
while stands from different units should have little 
similarity. The test of the unitary nature of the 
deciduous forest bird community as an abstract “as- 
sociation-type” (Whittaker 1956: 30) is its homo- 
geneity, that is, whether stands in this eategory are 
avifaunally similar to each other, regardless of geo- 
graphic locality, while at the same time dissimilar to 
stands of another “association-unit,” such as conif- 
erous forest. The similarity of the bird populations 
of the stands in the present study ranged between 
19% and 80%, a conspicuous lack of homogeneity 
even in a very restricted geographic and ecologic 
situation. Odum (1950) found only 18-47% simi- 
larity among the bird populations of 3 hemlock-hard- 
woods stands in North Carolina, West Virginia, and 
New York. Comparison of these hemlock-hardwoods 
stands with some of the stands in the present study 
showed the two groups to be generally different, but 
with some similarity values as large as those~between 
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the most dissimilar stands in either of the groups. 
The similarity of coniferous forest bird populations 
in Ontario (Kendeigh 1947), in Maine (Cadbury & 
Cruickshank 1942), and in the Great Smokies (Faw- 
ver 1950), does not exceed 22%, while at the same 
time their similarity to some deciduous forest stands 
is greater. These values suggest a distinct lack of 
homogeneity of the bird populations within the con- 
ventional vegetational units. Many more extensive 
studies of these units will be necessary to establish 
their homogeneity, interrelations, and objective reality. 
Selection of stands or typical species to conform with 
preconceived ideas of the nature of the units should 
be avoided, as the omission of “forest-edge” species 
from the 1952 censuses of the present study vividly 
demonstrates. 

The demonstration in the present study of the eco- 
logical distinctiveness of each avian species even 
within a restricted segment of vegetation, the dis- 
similarity of geographie distribution of each species 
of bird, and the indication of diversity within and 
similarity between the various woodland bird com- 
munities suggest that traditional unitary concepts of 
ecological distribution should be re-evaluated. The 
impression in the deciduous woodlands of southern 
Wisconsin, as in British woods (Lack & Venables 
1939), that the “woodland bird community” is loosely 
knit, with little interdependence between the species, 
argues against its unitary nature. It may be that the 
deciduous and coniferous forest bird communities 
should not be considered as discrete units, but as 


groups of species whose modes of environmental re- 
sponse lie in proximate areas along a broader gra- 


dient than has heretofore been considered. Further, 
the relation between what have been traditionally 
known as “forest-interior” and “forest-edge” species 
in the present study suggests that bird populations 
of the forests may not be discrete from those of other 
vegetation types, but may form with them an avi- 
faunal cline. 

Recognition of the fact that stands of similar life 
form are usually more similar avifaunally than 
stands of different life form is not contrary to the 
idea of a continuum of bird communities. As the 
stands containing these life forms show continuous 
similarities with each other, so the composition of 
bird communities varies continuously. By analogy, 
recognition that light orange and dark orange are 
more similar along the light spectrum tian are red 
and blue detracts neither from the concept of the 
spectrum nor from the usefulness of the indistinctly 
bounded ideas of orange or red. 

Demonstration of the continuity of bird popula- 
tions need not detract from the use of various group- 
ings of the populations as convenient working sys- 
tems. Species may be grouped by the similarities of 
the modes of their distribution into whatever work- 
able categories are necessary for descriptive and 
analytic purposes, even though such categories may 
be essentially arbitrary. There is no doubt that such 
unitary concepts as life zones, biomes, and _ biotic 
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provinces have all contributed greatly to the analysis 
of bird distribution. But as Miller (1951) concluded 
for California birds, “The three major plans have 
indeed some common basis . . . but each has its spe- 
cial emphasis. Accordingly, we may not regard any 
one system as a master system to which others are 
subordinate.” Care must be exercised that the tools 
used in the description and interpretation of the 
continuous variables of nature do not come to be 
viewed as the absolutes into which the facts must be 
foreced—that the slaves do not become the masters. 
It may be concluded from the present study that 
the methods used here for recording and analyzing 
vegetation are useful as a framework for the inter- 
pretation of the ecological distribution of breeding 
birds, just as they are for interrelating the distribu- 
tion of many plant species and characteristics. The 
vegetation is apparently a good representation of the 
factors to which the birds are responding. Quantifi- 
cation of habitat selection by birds in this study has 
provided a measure of this response. The study also 
suggests that the same framework may be useful in 
the study of the ecological distribution of other wood- 
land animal populations (e.g., insects). The study 
further shows that bird communities are continuously 
varying in space, even in such a restricted segment 
of the vegetation as upland deciduous forest and that 
their interrelations are similar to the relation between 
the vegetational communities. Finally, this and other 
studies of animal distribution (Palmgren 1930, Miller 
1951, Whittaker 1952, Peters 1955) and taxonomy 
(Sibley 1950, Pitelka 1951) suggest that the analysis 
of populations and communities of animals as con- 
tinuous phenomena along many gradients will free 
us from the bonds of categorical convention and will 
increase our understanding of the nature of animal 
distribution and ecology. 


SUMMARY 


1. The populations of breeding birds were ana- 
lyzed in 64 upland hardwoods stands in 17 counties 
in southern Wisconsin during the 1952-54 breeding 
seasons. These stands were well distributed along a 
gradient of vegetational differences from stands of 
xeric sites, dominated by black oak (Quercus velu- 
tina), to stands of mesic sites, dominated by sugar 
maple (Acer saccharum). Individual stands were 
placed along this gradient, or vegetational continuum, 
by means of an index number devised by Curtis & 
MeIntosh (1951), and derived as the sum of the 
quantitative importance of all tree species in the 
stand weighted according to the relative adaptations 
of the species to mesic conditions. 

2. Bird populations were determined in each stand 
by a sample count, the results of which compared 
favorably with results of intensive spot-map censuses 
in 3 woods. Information for each species regarding 
its frequency of occurrence in sample segments and 
its relative importance in each stand was obtained. 
Averaging this information for the stands in each 
of 5 successive portions of the vegetational gradient 





October, 1957 


provided a means of showing quantitatively the re- 
sponses of individual bird species to measured 
changes in habitat conditions. 

3. Species were distributed along the vegetational 
gradient in what appeared to be entire or partial 
Gaussian curves. The curves of no two species ex- 
actly coincided, but similarity in modes of response 
provided 4 convenient, though indiserete, groups for 
the diseussion of the habitat preferences of each 
species : 

a. The Cerulean Warbler, Red-eyed Vireo, Aca- 
dian Flycatcher, Hairy Woodpecker, Ovenbird and 
Red-bellied Woodpecker were most common in the 
more mesic stands. The Pileated Woodpecker, 
Cooper’s Hawk, Ruby-throated Hummingbird and 
Veery tended to be more common in the mesic half 
of the gradient. These species were discussed re- 
garding their response to the characteristics of mesic 
forests. 

b. The Redstart, Wood Thrush, Least Flycatcher, 
Blue-Gray Gnateatcher and Yellow-throated Vireo 
were most numerous in intermediate stands along 
this vegetational gradient. The importance of some 
of the characteristics of these stands in habitat selec- 
tion by these species was discussed. 

e. The Searlet Tanager, Black-capped Chickadee, 
Catbird, Downy Woodpecker, Rose-breasted Gros- 
beak, Cardinal, Blue Jay, Indigo Bunting, Baltimore 
Oriole, Yellow-billed Cuckoo, Red-eyed Towhee, Red- 
tailed Hawk and Red-headed Woodpecker were most 
common in the xeric stands. 

d. Several species showed little or no quantita- 
tive response to the vegetational differences in this 
gradient: Wood Pewee, Cowbird, and possibly White- 
breasted Nuthatch. 

4, Analysis of the responses of bird species to dif- 
ferent sizes of woods showed each species to respond 
differently. At last 4 species were more common in 
small woods and 10 species were more common in 
larger woods. Some species showed little evidence of 
being affected by woods size. For some species, 
“largeness” and “mesicness” appear to be comple- 
mentary. 

5. An analysis of trends along the vegetational 
gradient of groups of species with ecological simi- 
larities showed that plant foods were most important 
in the diet of the bird populations in the more xeric 
stands; that foliage-gleaners and ground-feeding in- 
sectivorous birds, as groups, were most common in 
the more stands; that tree-trunk feeders, 
aerial feeders, hole-nesters, and high-nesting species, 


mesic 


as groups, showed little evidence of trends along the 
gradient, even though individual species within the 
groups may have had distinct trends; that shrub 
nesters were most common in the xerie stands; and 
that sapling nesters were most common in the inter- 
mediate and mesic stands. 

6. Population diversity and density were greatest 
in the intermediate stands, these stands being well 
within the ecological amplitude of many woodland 
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birds. Population density was lowest in the xeric 
stands, in spite of a large number of species being 
present. Mesic stands had fewer species, but a fairly 
dense population. 

7. The bird population of each of 54 stands was 
compared with that of each of the 53 others by means 
of an “index of similarity.” This index, a measure 
of quantitative differences between stands, was used 
to arrange the stands in a linear order, with stands 
most similar avifaunally being close together on this 
linear seale. The correlation of this order with the 
phytosociological order of the same stands was highly 
significant (r, = .804). These indices also showed 
that the deciduous forest bird community was not 
homogeneous and that no discrete groups of bird 
communities within the deciduous forest could be 
discerned; rather a continuously varying series, or 
continuum, of bird communities was demonstrated 
between those of open, xeric deciduous forest stands 
and those of more dense, mesie stands. 

8. Comparison of some published bird censuses in 
deciduous, coniferous, and mixed forest stands of 
eastern North America showed both dissimilarity 
within and similarity between the avifauna of those 
vegetation types. This argues against the unitary 
nature of the deciduous forest bird community and 
suggests that it should be considered not as a diserete 
unit but as a group of species whose modes of envi- 
ronmental response lie in proximate areas along a 
broad gradient. 

9. The dissimilarity in geographic range of indi- 
vidual bird species, the demonstration of their unique 
ecological responses, and the lack of separability of 
traditional ecological units support Gleason’s indi- 
vidualistic hypothesis of communities. The analysis 
of natural communities as sets of continuously vary- 
ing phenomena along many gradients shows promise 
of furthering our understanding of biotic distribu- 
tion. 
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